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ABSTRACT 
Suppressive soil is one in which a pathogen does not become established or persist, or 
becomes established but causes little or no damage in comparison to what would develop in a 
conducive soil. Some cover crops can foster the development of suppressive soils. Cover crops 
are more commonly used in the management of soilborne diseases of high value crops like fruits 
and vegetables and there is less information on their effectiveness in agronomic crops like 
soybeans. In this study, field trials were conducted from 2010 to 2012 on four farms at four 
locations in Illinois to evaluate the effectiveness of four cover crops (cereal rye, brown mustard, 
winter canola, and winter rape) on maintaining soybean stands, decreasing the incidence and 
severity of soybean diseases, changing soil pathogen populations, changing soil microbial 
community structures, and increasing soybean yield. Data of cover crop biomass, soybean stand, 
foliar and root disease levels, and yield were taken over two seasons to evaluate the effectiveness 
of different cover crops. Soil samples were collected after cover crops to compare pathogen 
population levels and the soil microbial communities among various cover crop treatments. The 
cover crops were successfully established at all the four experiment trial locations every year. 
Cereal rye and rape had better performance than the other two cover crops, including that cereal 
rye generated significantly more biomass than the other cover crops (P < 0.05), and cereal rye 
and winter rape significantly improved soybean stands in plots infested with Rhizoctonia solani. 
In some cases, cereal rye increased soil supressiveness to R. solani and F. virguliforme, as 
measured in greenhouse bioassays with sampled field soils. Cereal rye and rape also significantly 
decreased the amount of soybean cyst nematode in the soil. Cereal rye significantly improved 
yield in soils where Rhizoctonia root rot was a problem. Soilborne pathogen populations were 
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not significantly different over cover crop treatments, and none of the cover crops resulted in 
bacterial or fungal richness changes or obvious bacterial or fungal community structure shifts. 
Green stem disorder (GSD) of soybean [Glycine max (L.) Merr.] is an abnormal condition 
in which soybean stems stay moist and immature after pods and leaves have fully dried and 
matured. Delayed maturity of soybean stems has not been found to cause yield loss; however, it 
significantly increases the difficulty of harvesting the grain because the moist green stems of 
plants are more difficult to cut than plants without green stems. GSD is referred to as a disorder 
rather than disease since the cause of GSD is still unknown. The goal of my research was to 
investigate GSD and its occurrence within two soybean cultivars when inoculated or 
mock-inoculated with two soybean pathogens under different soil moisture conditions. The 
specific objectives were to determine the: (i) association of GSD with infection of each fungal 
pathogen alone; (ii) interaction between M. phaseolina and C. truncatum infection on GSD 
incidence; and (iii) interaction between soil moisture and M. phaseolina infection on GSD 
incidence. Two soybean genotypes differing in relative sensitivity towards GSD based on prior 
field results were used in all experiments. Stine 2463, a GSD sensitive cultivar, and Hughes 441, a 
GSD insensitive cultivar were used in five experiments. Soybean plants were mock-inoculated and 
inoculated with C. truncatum, M. phaseolina, or both. Overall the results of the five experiments 
indicated that GSD incidence was independent of soil moisture level (P > 0.05); there was a 
significant (P < 0.0001) negative relationship between M. phaseolina inoculation levels and GSD 
incidence for Stine 2463, R² = 0.6376, and Hughes 441R, R² = 0.6323, with incidence of GSD 
decreasing concomitantly with increases in M. phaseolina inoculum levels: and there was a 
significant negative association (P < 0.01) for lower GSD incidence with higher percent rate of C. 
truncatum infection. 
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Chapter 1 
Effect of Cover Crops on Suppressing Soilborne Diseases of Soybean 
ABSTRACT 
Suppressive soil is one in which a pathogen does not become established or persist, or 
becomes established but causes little or no damage in comparison to what would develop in a 
conducive soil. Some cover crops can foster the development of suppressive soils. Cover crops 
are more commonly used in the management of soilborne diseases of high value crops like fruits 
and vegetables and there is less information on their effectiveness in agronomic crops like 
soybeans. In this study, field trials were conducted from 2010 to 2012 on four farms at four 
locations in Illinois to evaluate the effectiveness of four cover crops (cereal rye, brown mustard, 
winter canola, and winter rape) on maintaining soybean stands, decreasing the incidence and 
severity of soybean diseases, changing soil pathogen populations, changing soil microbial 
community structures, and increasing soybean yield. Data of cover crop biomass, soybean stand, 
foliar and root disease levels, and yield were taken over two seasons to evaluate the effectiveness 
of different cover crops. Soil samples were collected after cover crops to compare pathogen 
population levels and the soil microbial communities among various cover crop treatments. The 
cover crops were successfully established at all the four experiment trial locations every year. 
Cereal rye and rape had better performance than the other two cover crops, including that cereal 
rye generated significantly more biomass than the other cover crops (P < 0.05), and cereal rye 
and winter rape significantly improved soybean stands in plots infested with Rhizoctonia solani. 
In some cases, cereal rye increased soil supressiveness to R. solani and F. virguliforme, as 
measured in greenhouse bioassays with sampled field soils. Cereal rye and rape also significantly 
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decreased the amount of soybean cyst nematode in the soil. Cereal rye significantly improved 
yield in soils where Rhizoctonia root rot was a problem. Soilborne pathogen populations were 
not significantly different over cover crop treatments, and none of the cover crops resulted in 
bacterial or fungal richness changes or obvious bacterial or fungal community structure shifts. 
INTRODUCTION 
Cover crops have been used primarily in high value crop rotation systems, such as fruits 
and vegetables as famers try to keep or increase yield with practices that maintain soil health. 
Incorporation of cover crops can enhance soil quality and crop production in a variety of ways. 
Small grain cover crops can increase soil organic matter, and some small grain cover crops like 
cereal rye are alleopathic and inhibit the germination of weed seeds (Creamer et al., 1996; Batish 
et al., 2001). Legume cover crops can impact soil nutrient cycling by fixing atmospheric nitrogen 
through a mutualistic relationship with nitrogen-fixing bacteria, resulting in an increase in 
biodiversity in the soil (Puget and Drinkwater, 2001; Schmidt et al., 2003). Better soil structure 
can further increase water infiltration and reduce surface runoff (Dabney et al., 2001). Brassica 
species used as cover crops can release glucosinolate compounds, which have the potential of 
suppressing soilborne pathogens (Hoffbeck and Miller, 2008). 
There are three mechanisms involved in soilborne disease suppression through the use of 
cover crops. The first mechanism involves using the cover crop as a biofumigant. Some Brassica 
species contain high level of glucosinolates, which are toxic to soilborne pathogens (Zukalova 
and Vasak, 2002). Second, cover crops can induce host resistance to soilborne pathogens. For 
example, hairy vetch induced the suppression of Fusarium wilt in watermelon by inducing a shift 
in the soil microbial community (Zhou and Everts, 2007). Specific rotation sequences and the 
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application of certain types of organic matter may lower diseases levels over time by enhancing 
the activity of some microorganisms, thus competing for nutrients and sites of colonization with 
pathogens. In addition, specific cropping systems have also been shown to alter the associated 
soil microbial communities (Garbeva et al., 2004), in which the population levels of known 
biological control agents have been enhanced (Benitez et al., 2007). Ryegrass, clover, wheat and 
some other cover crops were found to have a significant effect on changing soil microbial 
community structures (Garbeva et al., 2004). 
The three most common groups of cover crops are small grain or grass cover crops, 
legume cover crops, and broad leaf cover crops. The choice of cover crop depends on the 
planting date and type of crop grown in the main season. In the corn-soybean rotation system in 
the Midwestern United States, where much of the cropping system is a rotation of corn and 
soybeans, the best cover crop would be seeded in the late fall for early spring. There are a 
number of cover crops to consider, and cereal rye (Secale cereale L.), brown mustard (Brassica 
juncea L.), winter canola (Brassica napus L.), and winter rape (Brassica napus L.) would be 
among them. 
Cereal rye, a rapidly growing grass with vigorous seedlings and root development, is the 
most winter hardy of small grains, and it is planted throughout North America because it 
tolerates cold conditions (Hancock et al., 2012). Cereal rye is commonly used as a winter cover 
crop in the northeastern United States for improving soil structure, reducing compaction, 
increasing soil organic matter, and recycling nutrients. Furthermore, cereal rye is allelopathic, 
producing chemicals that inhibit germination of grass seeds, so cereal rye is also used for weed 
control (Hoorman, 2009). Cereal rye has been shown to be effective in the control of some 
fungal and nematode diseases (Zasada et al., 2007; Hoorman et al., 2009; Treonis et al., 2010). 
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Cereal rye was reported to reduce the population of the reniform nematode, Rotylenchulus 
reniformis, on pineapple (Wang and Sipes, 2001) and soybean cyst nematode on soybean (Riga 
et al., 2001; Creech et al., 2008). 
Species from the crucifer family (Brasicaceae) are commonly used as winter cover crops 
because of their efficient uptake of residual nutrients from the soil and their biofumigant 
properties. They produce high levels of glucosinolates that are converted into allelochemicals 
including isothiocyanates (ITCs) and related compounds after the plant material is incorporated 
into soil (Chew, 1988). Those compounds inhibit seed germination and have potential to 
suppress soilborne pests including weeds, soilborne pathogens, and nematodes (Brown and 
Morra, 1997). Most Brassica spp. used as cover crops are not winter hardy, and winter survival 
varies among the species. In order to better suppress soilborne pests, the Brassica spp. cover 
crops for regions like Illinois need to be winter hardy and produce a high concentration of 
glucosinolates. 
Brown mustard is an annual herb with seedlings that emerge rapidly in the cool 
conditions of fall and can cover the ground rapidly, but then grow slowly, resulting in little 
residue in the spring (Tanzania, 2010). Plants cover the ground in four to five weeks with 
favorable moisture and temperature conditions. Brown mustard is less winter hardy than rape, 
but it has high concentration of glucosinolates, and the cultivar Pacific Gold has a significantly 
higher content of glucosinolates, oil, and a larger seed size (Davis et al., 2006). The high 
concentration of glucosinolates in mustard results in broad biocontrol activity and was reported 
to effectively suppress Verticillium dahlia (Verticillium wilt of potato) (Olivier et al., 1999), 
Sclerotinia minor (lettuce drop) (Subbarao, 1998), and Helminthosporium solani (silver scurf of 
potato) (Vaughn et al., 1993).  
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Winter rape, a bright yellow flowering member of the family Brassicaceae, is grown as a 
cover crop that provides good coverage of the soil in the winter, and limits nitrogen run-off (U.S. 
Dep. Agric. 2012). Concentrations of glucosinolate vary in different rape cultivars, and that in 
Dwarf Essex rape was higher than other cultivars, both in root and shoot tissues (Eberlein et al., 
1998). Populations of root-knot nematode, Meloidogyne chitwoodi, were reduced by adding 
rapeseed residues into soil as green manure (Mojtahedi et al., 1991; Johnson et al., 1992). Rape 
green manure was also reported to suppress weeds in potato (Boydston and Hang, 1995). Winter 
canola was developed through conventional plant breeding from rape, but it has a very different 
nutritional profile including less than 2% erucic acid in the oil portion and less than 30 µ moles/g 
glucosinolates in the meal portion (Syed and Rahman, 2009). The change in name serves to 
distinguish it from natural rapeseed oil. The incorporation of canola residues has been found to 
reduce the severity of take-all of wheat and Rhizoctonia diseases of potato, including 
Rhizoctonia stem canker and black scurf of potato (Larkin and Honeycutt, 2006). 
Cover crops have been used in soybean cropping systems to improve soil biological, 
chemical, and physical properties including: organic carbon content, cation exchange capacity, 
and water infiltration. For example, the use of winter cover crops in a corn-soybean rotation 
system improved the physical and chemical properties of the soil (Villamil et al., 2006). Cover 
crops were used in a soybean cropping system to control weeds. Rye was found to reduce weed 
biomass, while rye mulches had no effect on soybean development and yield under weed free 
situations (Moore et al., 1994). Rapeseed, white mustard, and brown mustard were found to 
result in significant reductions in weed emergence, biomass, and height, while soybean biomass 
and yield was sometimes reduced by incorporation of cover crops (Krishnan et al., 1998). In 
addition, some cover crops have been found to reduce nematode populations in soybean. For 
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example, an annual ryegrass was found to reduce population levels of the soybean cyst nematode 
(Creech et al., 2008; Riga et al., 2001). 
Suppression of soilborne plant pathogens has been observed following additions of 
certain types of organic matter to soil, and the use of cover crops as a method of disease control 
has received increasing attention. One mechanism of cover crops suppressing soilborne 
pathogens is that cover crops can induce general or specific suppression in the soil through 
influencing microbial community structure. The changes of microbial community structure result 
from complex interactions (Buckley and Schmidt, 2001; Carreea et al., 2007). Addition of cover 
crop residues as organic matter into the soil will result in the influx of carbon and nitrogen, as 
well as changes to the microbial community structure because the microbial community is 
sensitive to organic carbon and nitrogen availability (Drenovsky et al., 2004). Organic matter 
inputs will trigger the growth of microorganisms that have ability to absorb more nutrients and 
grow faster, and those microorganisms will compete for nutrition and colonization of substrates 
with pathogens, thus increase the general suppression of the soil. There are also studies reporting 
an enhancement of specific suppression. The population of biological agents increased following 
the incorporation of cover crops, for example, arbuscular mycorrhizal fungi and Pseudomonas 
fluorescens (Oehl et al., 2003; Benitez et al., 2007). 
An automated ribosomal intergenic spacer analysis (ARISA) was used for rapid 
estimation of the effect of different cover crops on soil microbial community composition. 
ARISA is a culture-independent DNA profiling approach for comparing the effect of different 
treatments on microbial community composition and structure (Anderson and Cairney, 2004; 
Bastian et al., 2009; Danovaro et al., 2006). The region of the rRNA gene between the small and 
large subunits is called the intergenic spacer region (ISR), and the ISR of different microbial 
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species differ both in length and nucleotide sequence. The length of ISR ranges between 225 bp 
to 1500 bp. ARISA involves PCR amplification of the ISR of most of the dominant microbial 
species with a fluorescently-labeled forward primer. The PCR product is a mixture of fragments 
from different microorganisms with different lengths, and the fragments with different lengths 
will be separated by an automated electrophoresis system with optical detection of the 
fluorescent tag. The output of ARISA, an electropherogram, consists of detection peaks with 
measured amplitude and mobility that represent ISRs of different lengths, and the 
electropherogram provides a community-specific profile. 
The objectives of this project were to study the effect of cover crops on maintaining 
soybean stands, decreasing the incidence and severity of soybean diseases, reducing soilborne 
pathogen populations, changing soil microbial community structure, and increasing soybean 
yield. 
MATERIALS AND METHODS 
Design of four field experiments. Four field trials were conducted on four farms at four 
locations in east-central Illinois, and western Illinois from 2010 to 2012 (2010-2011, 2011-2012), 
with two trials associated with the university experimental farm and two on-farm trials (Fig. 1.1). 
The cover crops used on the two university experimental farms were Rymin cereal rye, Dwarf 
Essex rape, Pacific Gold mustard and Sumner canola, referred to as rye, rape, mustard, and 
canola, respectively. Rape and rye were used in the two on-farm trials. Canola, rape and rye 
seeds were all purchased from Midwest Grass Forage Company in Illinois, and mustard seeds 
were purchased from Mighty Mustard (Davidson Commodities, Inc.) in Idaho. Trials at all 
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locations were set up using a randomized complete bock design (RCBD) with four replications, 
unless otherwise indicated. 
Inoculum preparation. White sorghum (Sorghum bicolor (L.) Moench) grains were 
soaked in water for 16 hours. Water was drained, and 4 kg sorghum seeds were placed in each 61 
X 91 cm autoclave bag. The sorghum seeds were autoclaved on two consecutive days at 121 
o
C 
for 60 min. Fully colonized potato dextrose agar (PDA) plates by Fusarium virguliforme isolate 
Mont-1 (Farias Neto et al., 2006) or Rhizoctonia solani RS 1039 (anastomosis group AG 2B12) 
were cut into pieces by a cork borer (0.8 cm diameter opening) and added into the sterilized 
sorghum bags. A sterilized foam plug was placed at the opening of each bag to allow air 
circulation and limit contamination. Bags were shaken daily to mix the pathogen and sorghum 
seeds. The inoculum was air dried after incubating 2 weeks at 24ºC (Farias Neto et. al., 2006). 
University trials. The two university trials were conducted on University of Illinois at 
Urbana-Champaign research farm (UIUC) (east-central Illinois), and Western Illinois University 
research farm (WIU) (western Illinois). For each farm in each year, repeated strips of cover crops 
were established during the fall season and incorporated into the soil in spring before soybeans 
were planted. For the UIUC farm, experiments were conducted with same experimental design 
and the same cover crop treatments over the two years. Canola, mustard, rape, rye and a fallow 
treatment were randomly assigned to each of the main plots planted in four blocks. Each main 
plot was divided into three subplots and infested with F. virguliforme, R. solani, or left 
non-infested as a control. To infest the plot with F. virguliforme or R. solani, soybean seeds were 
planted together F. virguliforme or R. solani infested sorghum grains prepared with the method 
described above. For the WIU farm, there were six treatments (canola, mustard, rape, rye with 
tillage, rye without tillage, and fallow.) in each of three blocks in the first growing year 
9 
 
(2010-2011), and five treatments (canola, mustard, rape, rye with tillage, and fallow) in each of 
three blocks in the second growing year (2011-2012). 
On-farm trials. The two on-farm trials were conducted on Ayers Farm (east-central IL), 
and Hunt Farm (western IL). On each farm, cover crops were planted in the fall in each of four 
blocks and killed with glyphosate in following spring. A no-till planter was used to sow soybean 
seed directly into the killed cover crops about two weeks later. On the Ayres farm, rye and rape 
were established during fall in the first growing year (2010-2011). Rape did not establish well in 
the second year, so those plots were omitted from the trial in the 2012 growing season. On the 
Hunt farm, rye and rape were planted in both years. 
The planting rates for cover crops at all the locations were all the same, 62.7kg/ha (56 
lb/acre ) for cereal rye, 11.2 kg/ha (10 lb/acre) for rape, canola and mustard. Experiment unit size, 
planting date for cover crops and soybean, planting rate of soybean, and soybean cultivars were 
determined according to certain situations for the four farms (Appendix A). 
Soil collection. Soil samples were collected from the four locations at the beginning and 
end of cover crop growing season (Appendix B). Soils collected each fall (beginning of the 
growing season) provided a baseline prior to cover crop treatments, and the spring collected soils 
represented the post treatment. Samples were compared for soil suppressiveness, soilborne 
pathogen population, and microbial community structure. Individual soil cores (Fifteen to twenty) 
were collected from each cover crop plot using a bulb planter (about 15 cm deep), following a 
random zigzag pattern. Large pieces of plant debris were removed from the soil samples, and the 
soil samples were mixed thoroughly in a plastic bag. A subsample (50 ml) of each soil was stored 
at -80
o
C for DNA extraction. Another subsample (200 ml) was stored at 4
o
C and used for SCN 
population density assays using the egg count method. The rest of the soils were stored at 4
o
C 
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before being used in greenhouse bioassays to test for suppressiveness to F. virguliforme, and R. 
solani, the causal agents of sudden death syndrome (SDS) and Rhizoctonia root rot, respectively. 
Cover crop biomass measurement. Cover crop biomass was collected on each farm 
when rye reached about 45 cm (18 inches) tall. For the UIUC farm and Ayres farm, cover crop 
biomass was collected from three random 0.145 (0.38*0.38) square meter quadrats in each cover 
crop plot. For the WIU farm and Hunt farm, cover crop biomass was collected from two random 
0.145 (0.38*0.38) m
2
 quadrats in each cover crop plot. 
Soybean stand counts. Soybean stand was determined on each farm approximately 2 
weeks after planting. For the UIUC farm, soybean stand was counted in three random, 1 m rows 
in each experimental unit. For the Ayres farm, soybean stand was counted in three random 1 m 
rows in each of the cover crop plots. For WIU farm and Hunt farm, soybean stand counts were 
determined in two random 5.33 m (17.5 feet) rows in each of the cover crop plots. 
Foliar and root diseases ratings. Foliar incidence was rated for Septoria brown spot and 
bacterial blight in the two inner rows in each experimental unit between growth stages R6 toR7 
on four farms. For root disease ratings, six plants were carefully dug randomly from the soil in 
each experimental unit between the growth stages R6 to R7 and washed (to minimize damage to 
fine roots) for general root disease rating. Sudden death syndrome (SDS), brown stem rot (BSR), 
and Rhizoctonia root rot severity levels were recorded. BSR and SDS were rated together using a 
1-5 scale according to the percentage of root discoloration. Roots with 0-20% discoloration were 
assigned a rating of 1; roots with 21-40% discoloration were assigned a rating of 2; roots with 
41-60% discoloration were assigned a rating of 3; roots with 61- 80% discoloration were 
assigned a rating of 4; and roots with 81-100% discoloration were assigned a rating of 5 (Fig. 
1.2). Lesion length on the roots was measured to determine Rhizoctonia root rot severity. 
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Greenhouse bioassay for soil suppressiveness with field sampled soil. F. virguliforme 
inoculum was prepared following the method of Melgar with modifications (Melgar et al., 1994). 
F. virguliforme isolate Mont 1 was cultured on PDA at 24 
o
C for three weeks. A whole colony of 
the fungus was cut into 0.8 cm diameter pieces before it was transferred to cornmeal: sand (1:4) 
mix. F. virguliforme was grown on the cornmeal: sand mix for 15 days, mixing daily after the 
third day of transfer. Field soils were mixed with the F. virguliforme infested cornmeal in a 50:1 
ratio. 
R. solani isolate RS 1039 (anastomosis group AG 2B12) was cultured on PDA for a week, 
and four plugs (0.5 cm in diameter) of one week old cultures were transferred into potato 
dextrose broth (PDB) and grown for another week on an orbital shaker (1×100 RPM) at 28
 o
C. 
The broth was removed from the mycelium using a Buchner vacuum funnel, and then the 
mycelium was resuspended in 100 ml of distilled water and minced in a blender for 30 seconds. 
The mycelia fragments were then mixed with clean fine sand at a ratio of 80g (50 ml) sand: 0.1g 
mycelia. 500 ml soil from each experimental unit was mixed with 25 ml R. solani infested sand 
(0.1 g mycelia /liter soil is equivalent to 0.1 mg mycelia /g soil: Liu and Sinclair, 1991). 
Greenhouse bioassays were conducted in a full factorial experimental design with two 
factors (cover crops and pathogen infestation). Seeds of soybean cultivar Pana (a Rhizoctonia 
root rot and SDS susceptible cultivar) were planted in Cone-tainers (diameter: 4 cm, height: 21 
cm) and maintained in the greenhouse at 24 
o
C with a 16 h photoperiod. Supplemental light was 
provided by 1000 watt high pressure, sodium vapor lights (156 E s-1 m-2). Soils collected from 
each cover crop plot (500 ml) were mixed with F. virguliforme infested sand, R. solani infested 
sand, or clean sand, and then each infested soil was distributed evenly into five Cone-tainers with 
cotton plugs at the bottom as five sub replications for each treatment/plot. Two seeds were placed 
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on top of the soil and then covered with 20 ml of non-infested LC1 soil mix (the seeds were 
about 2 cm below the surface). About 5 ml Osmocote 19-6-12 was placed on top after planting. 
One seedling was trimmed in each Cone-tainer about 10 days after planting, resulting in 1 
seedling per Cone-tainer. Seedlings were arranged on the greenhouse bench using a completely 
randomized design, and allowed to grow for 3 weeks. 
The Cone-tainers were cut and plants were taken out a month after planting. Roots were 
washed and rated for Rhizoctonia root rot and SDS severity. For Rhizoctonia, the root rot rating 
was based on length of lesions caused by R. solani, measured on roots of the plants grown in R. 
solani infested soil. SDS severity was rated on plants grown in soil infested with F. virguliforme 
using a 1-5 scale (Hartman et al., 1997) based on the percentage of discoloration on the roots, 
where 1 = 0 to 20% discoloration; 2=21-40% discoloration; 3=41-60% discoloration; 4=61-80% 
discoloration; and 5=81-100% discoloration. 
Soybean cyst nematode egg counts. Cysts of Heterodera glycines were extracted 
manually following previous reported method with modifications (Niblack et al., 1993). Soil 
samples were broken up by hand, and then the crumbled soil was added to 500 ml water 
gradually to reach a final volume 600 ml. The soil solution was stirred to suspend the soil as 
much as possible. The suspension was poured through a 20-mesh (850 micro pores) sieve nested 
in a 60-mesh (250 micron pores) sieve at the bottom. The large soil particles and plant debris 
collected on the 20-mesh sieve were discarded. The 60-mesh sieve was rinsed, and the fine soil 
particles were collected in a 500 ml beaker. The fine soil particles were refloated with tap water 
before being poured back on to the 60-mesh sieve while rotating the beaker, and the sediment at 
the bottom of the beaker was discarded. The accumulated soil particles on the 60-mesh sieve 
were collected in the beaker. The process was repeated three times until the floated particulate 
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matter was nearly zero, and the soil particles with most of nematode cysts in them were finally 
collected in a 50 ml tube. 
 Eggs were extracted from the cysts by a modified mechanical method (Boerma and 
Hussey, 1984). The cyst suspension collected in last step was poured onto a small 60- mesh sieve, 
and the sieve was rinsed with water several times while the cysts were ground with a rubber 
stopper until the water ran clear. A 500-mesh sieve was placed below the rubber stopper and drill 
with a 200-mesh sieve placed over it. SCN eggs were released from the cysts by the drill, and the 
eggs went through the 200-mesh sieve and were collected on the 500-mesh sieve. The 200-mesh 
sieve was rinsed with tap water to make sure that all eggs make it through to the 500-mesh sieve, 
and the eggs were washed into a beaker with 50 ml water. 
1 ml egg staining solution (0.35g of Acid Fuschion, 250 ml Lactic Acid, 750 ml water) 
was added to each 50 ml of egg suspension, and the beakers were heated in the microwave until 
the eggs suspension was about to boil (3 min per 12 samples). The egg suspension was poured 
through a 500-mesh sieve after the suspension cooled down, and the eggs on the 500-mesh sieve 
were washed with tap water to one side of the sieve and collected into a 250 ml beaker. Water 
was added into the beakers, bring the volume to exactly 100 ml before counting. The egg 
suspension was stirred and mixed thoroughly with a 5 ml copper ladle, and 5 ml of the egg 
suspension was taken from the beaker with the copper ladle and placed in a jewel case (counting 
chamber). Nematode eggs were counted in half of the jewel case using a microscope with 10X 
magnification, and the number of nematode eggs in every 100 ml soil sample was determined 
using the equation: N*2*(100/5). (N is the number of nematode eggs in half of the jewel case). 
Quantification of soybean pathogens using QPCR. Total DNA was extracted from the 
field soil collected from each cover crop plot that was stored at -80 
o
C using the FastDNA® 
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SPIN Kit for Soil (MP Biomedicals, Solon, OH), followed by purification with the E.Z.N.A. 
Micro Elute ® DNA cleanup kit (Omega bio-tek inc., Norcross, GA). The six pathogens 
quantified were Colletotrichum spp. (cause of soybean anthracnose), F. virguliforme, Heterodera 
glycines, Macrophomina phaseolina (cause of charcoal rot), Phialophora gregata (cause of 
brown stem rot), and Phytophthora sojae (cause of Phytophthora root and stem rot) (Appendix 
1.C). The primer set for F. virguliforme amplification was designed for analysis of small-subunit 
mitochondrial rRNA genes (Li, et al., 2008). The primers for H. glycines were designed targeting 
a gene in H. glycines, which encodes the chorismate mutase-1 (Hg-CM-1) enzyme with the 
potential to suppress host plant defense compounds (Lambert et al., 2005). The primers for P. 
sojae were designed targeting the DNA sequences of a gypsy-like transposable retroelement 
(Haudenshield, unpublished). Primers for the other three pathogens were designed based on the 
ITS region, and the primers set used for C. truncatum quantification was universal for 
Colletotrichum spp. (Haudenshield and Zimmermann, unpublished). 
The six pathogens were quantified with multiplex QPCR, which combines several PCR 
assays together into one reaction. DNA of several pathogens was amplified simultaneously but 
detected independently using reporters with distinct spectra. C. truncatum, M. phaseolina, P. 
gregata were quantified in one QPCR reaction, while F. virguliforme and H. glycines were 
quantified in another reaction. P. sojae was quantified alone. Primers and probes used for each 
pathogen are listed in Appendix C. 
Soil bacterial and fungal microbial community structure analysis. Total DNA was 
extracted and purified as described previously. PCR for ARISA was performed following the 
method of Fisher and Triplett (Fisher and Triplett, 1999) with modifications. PCR reactions 
contained 0.5 OminiMix HS (Takara Bio Inc., Otsu, Shiga, Japan) bead (1.5 U Taq polymerase, 
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200μM dNTP, 4 mM Mgcl, and 25mM HEPES buffer), 10 pmol of each primer, and about 10 ng 
soil DNA in a final volume of 25 µl. The primers used for bacterial ARISA were 1406f (universal 
16S rRNA gene: 5’-TGYACACACCGCCCGT-3’) labeled with 6- Fluorescein amidite (FAM) 
(Fisher and Triplett, 1999), and 23 Sr (bacteria-specific, 23 S rRNA gene: 
5’-GGGTTBCCCCATTCRG-3’) (Fisher and Triplett, 1999). All PCR was carried out in a 
PTC-100 Programmable Thermal Controller (MJ Research, Inc., Watertown, MA). The initial 
denaturation was performed at 94
o
C for 2 min, followed by 30 cycles of 94
o
C for 35 s, 55
o
C for 
45 s, and 72
o
C for 2 min, with a final extension carried out at 72
o
C for 2 min. The fungal 
intergenic spacer region containing the two internal transcribed spacers (ITS) and the 5.8S rRNA 
gene (ITS1-5.8S-ITS2)was amplified using primer set ITS1-F 
(5’-CTTGGTCATTTAGAGGAAGTAA-3’) (Kennedy et al., 2006), and ITS4 
(5’-TCCTCCGCTTATTGATATGC-3’) (Kennedy et al., 2006). The forward primer ITS1-F was 
labeled with 6-FAM. All PCR was carried out in a PTC-100 Programmable Thermal Controller 
(MJ Research, Inc., Watertown, MA). The initial denaturation was performed at 95°C for 4 min, 
followed by 35 cycles of 95°C for 1 min, 53 C for 30 s, 72°C for 1 min, with a final extension 
carried out at 72
o
C for 7 min. 
ARISA-PCR products were sent to the Biotechnology Center at University of Illinois at 
Urbana-Champaign for denaturing capillary electrophoresis using an ABI 3730xl DNA Analyzer 
(Applied Biosystems, Foster City, CA). Electrophoresis conditions were 63 
o
C and 15 kV with a 
run time of 120 min using the POP-7 polymer. A custom 50-1000 bp Rhodamine X-labeled size 
standard (Bioventures, Murfreesboro, TN) was used as the size marker standard for each sample. 
Data analysis. Analysis of variance (ANOVA) was performed to analyze the effects of  
cover crops on soybean stand count, cover crop biomass measurement, foliar and root disease 
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incidence and severity, soybean yield, soil suppressiveness to F. virguliforme and R. solani in the 
greenhouse, populations of six soilborne pathogens with the aid of JMP Version 9.0.2 (SAS 
Institute Inc., Cary, NC). 
For ARISA data analysis, size calling and profile alignment were carried out using 
GeneMarker V 1.85 software (SoftGenetics LLC, State College, PA). GeneMarker automatically 
grouped the intergenic spacer region into bins, which were edited manually later to create a panel 
for comparison of bacterial and fungal community structure. To include the maximum number of 
peaks while excluding background fluorescence, a fluorescence threshold of 100 fluorescence 
units was used. The peaks represent fragments of different sizes, and the number of peaks 
represents operational taxonomic unit (OTU) richness. A bin table containing different sized 
peaks and their areas was exported from GeneMarker. 
Analysis of variance was performed to analyze the effect of cover crops on the number of 
OTU in the soil with JMP. Analysis of similarities (ANOSIM) and non-metric multidimensional 
scaling (NMDS) were performed with the Primer 6 (Plymouth Marine Laboratory, Primer-E) 
software program by importing the bin table profile into Primer 6. ANOSIM is a hypothesis that 
uses Bray-Curtis dissimilarity to test if there is a significant difference in microbial community 
structures between two or more groups of sampling units. The ANOSIM statistic R is based on 
the difference of mean ranks between groups (r_B) and within groups (r_W): R = (r_B - r_W)/(N 
(N-1) / 4). R ranges from -1 to +1, and value 0 indicating completely random grouping. NMDS is 
designed to graphically represent the relationship between objects in multidimensional space. 
The distance between two objects represents the dissimilarity of them, and two closer objects are 
more similar than those who are further apart. Before ANOSIM and NMDS, the fluorescent 
signal of each intergenic spacer peak was normalized to account for run-to-run variations in 
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signal detection by dividing the area of individual peak by the total area of peaks detected in 
each profile, expressing each peak as a proportion of the total fluorescence for each sample 
(Yannarell and Triplett 2005; Kent et al. 2007). 
RESULTS 
Cover crop biomass measurement. Biomass production by different cover crops was 
significantly different (P < 0.05) at all locations in 2011 and 2012 (Table 1.1). Rye produced 
significantly more biomass (P = 0.05) than other cover crops on three farms (UIUC, Ayres, WIU) 
in 2011 (Table 1.2). Mustard did not overwinter in the 2010-2011 season on any of the farms. In 
2012, rye, rape and canola produced significantly more biomass than mustard (Table 1.2). Rye 
had more biomass than the Brassica cover crops over all on the four farms in both years (Table 
1.2). Among the three Brassica cover crops (rape, canola and mustard), rape tended to produce 
more biomass than the other two. 
Stand counts and diseases evaluations in the field. Soybean stands were not 
significantly different among cover crop treatments on Ayres Farm, WIU Farm, or the Hunt Farm 
in either 2011 or 2012. At UIUC, there was a significant interaction of cover crop x inoculum in 
2011, while in 2012 only inoculum factor was significant in the analysis if variance (Table 1.3), 
with the lowest stand counts in the R. solani infested plots (Table 1.4). Comparing the R. solani 
infested plots in 2011, soybean stand counts were significantly affected by the cover crop 
treatments (P < 0.0001) (Table 1.3), and stand counts were significantly higher in the subplots 
previously planted to rye and rape (P<0.0001) (Table 1.4) when compared to those planted to the 
other cover crops or the fallow treatment. The counts in the rye subplots infested with R. solani 
were about the same as those in non-infested subplots (Table 1.4; Fig. 1.3). Infestation with R. 
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solani did not result in severe damage to soybean stands on the UIUC farm in 2012, and soybean 
stands in different cover crop subplots were not significantly different in 2012. 
Foliar diseases ratings. Foliar disease levels were low on all farms in both 2011 and 
2012. Septoria brown spot and bacteria blight incidence was zero in most of the cover crop plots, 
and there were no significant differences in foliar disease incidence among the cover crop 
treatments on four farms in 2011 and three farms (UIUC, WIU, and Hunt) in 2012. In 2012 at the 
Ayres Farm, the incidence of Septoria brown spot was significantly lower (P=0.05) in the rye 
plots than in the fallow plots (Table 1.5). 
Root diseases ratings. There were no differences in root severity ratings over the cover 
crop treatments at any of the four farms either in 2011 or 2012, even in the F. virguliforme 
infested plots on the UIUC farm. However, Rhizoctonia root rot severity was significantly lower 
in plots previously planted to rye within the R. solani infested sub-plots in both 2011 and 2012 
on the UIUC farm (Table 1.5). At the UIUC farm in 2011, soybean seedlings were almost not 
affected by R. solani in plots previously planted to rye. However, in the plots previously planted 
to the other cover crop treatments, Rhizoctonia root rot was very severe, and most of the 
seedlings were killed. Because of the small number of available seedlings in these plots soybean 
roots were saved for yield analysis and not collected for Rhizoctonia root rot severity rating. 
Within R. solani infested plots on the UIUC farm in 2012, Rhizoctonia root rot severity was 
significantly lower in plots previously planted (Table 1.5) to rye when compated to severity 
levels on plants in the fallow treatment plots. Rhizoctonia root rot severity was not significantly 
different among cover crop treatment on the other farms. 
Soybean yield. Soybean yield was significantly different over cover crop treatment on 
the UIUC farm in 2011 and 2012 and on the WIU farm in 2011 (Table 1.6). On the UIUC farm in 
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2011, Rhizoctonia root rot was a more severe problem than SDS, and there was a significant 
reduction in soybean yield within the R. solani infested plots. There were no soybean yield 
differences over cover crop treatment within F. virguliforme infested or non-infested plots. 
However, rye maintained soybean yield within R. solani infested plots, while R. solani 
dramatically reduced yields in the other treatment plots (Table 1.7). For the UIUC farm in 2012, 
yield values in the canola treatmetn plots were significantly lower than that those in the fallow 
treatment plots and plots planted to other cover crops (Table 1.7). For the WIU farm in 2011, 
where the plots were not artificially infested with pathogens, the rye no-till treatment 
significantly improved yields compared yields from the other cover crop treatment plots, while 
the plots with rye tilled into the soil had the lowest yields (Table 1.7). 
Greenhouse bioassay for soil suppressiveness. Significant differences in soil 
suppressiveness to F. virguliforme and R. solani were observed in soil collected from some farms 
in 2011 and 2012 (Table 1.8). SDS severity was significantly lower on soybeans planted into soil 
collected from the rape treatment plots on the WIU farm in 2012 (Table 1.9), and also in the soil 
collected from the Hunt farm in 2012. SDS severity was significantly lower on soybeans planted 
into soil collected from the rye plots as compared to levels on seedlings planted into soil from the 
fallow plots (Table 1.9). Rhizoctonia root rot severity was significantly lower on soybean roots 
planted in soil collected from the rye treatment plots on the Ayres farm in 2012 (Table 1.9). With 
the soil collected from the WIU farm in 2012, Rhizoctonia root rot severity was significantly 
lower on soybeans planted into soil collected from rye, rape and mustard plots than it was on 
plants grown in soil from the fallow plots (Table 1.9). 
Soybean cyst nematode counts. The numbers of SCN eggs were significantly different 
among soils collected from different cover crop plots on the UIUC farm, Ayres farm, and WIU 
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farm in 2011 (P < 0.05, Table 1.10), and from the WIU and Hunt Farms in 2012 (P < 0.05, Table 
1.10). For soil collected from the UIUC farm in 2011, the lowest egg counts were detected in soil 
from the canola plots (140/100ml soil), and the highest counts in soil from the fallow plots 
(480/100 ml soil), and the numbers of eggs in soils from the canola, rye, rape and mustard plots 
were significantly lower than those in soil from the fallow plots (Table 1.11). For the 2011 Ayres 
farm soil, there were significantly fewer SCN eggs in soil from the rye (340/100 ml soil) and 
rape (340/100 ml soil) plots (Table 1.11). For the 2011 WIU farm soils, the lowest egg counts 
were found in soils from the tilled rye (227/100 ml soil) and non-till rye (67/100 ml soil) plots, 
and the number of nematode eggs in those plots were significantly lower than those in the fallow 
plots (Table 1.11). For the 2012 WIU farm soil, there were significantly fewer nematode eggs in 
soils collected from the tilled rye, non-till rye, and rape plots than in soil from the fallow plots 
(Table 1.11). There were significantly fewer SCN eggs in soils collected from the Hunt farm rye 
and rape plots than in soil from the fallow plots in 2012 (Table 1.11). 
Genomic DNA analyses of pathogens populations in soil collected from four farms. 
DNA of H. glycines and P. sojae were not detected in the soils collected from any farm in either 
2011 or 2012. The other four soilborne pathogens (C. truncatum, F. virguliforme, M. phaseolina, 
and P. gregata) were detected in all of the soils tested. However, there were no significant 
differences in pathogen populations associated with cover crop treatments for any of the four 
pathogens detected. 
Soil microbial community structure analysis. ARISA profiles of amplicons generated 
by PCR of bacterial ITS sequences across the 117 samples from four farms in 2011 and 2012 
yielded 337 bacterial OTUs and 193 fungal OTUs. The numbers of OTUs represent species 
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richness to a degree, and there was no significant difference in the numbers of bacterial or fungal 
OTUs associated with cover crop treatments on any farm either in 2012 or 2012. 
NMDS plots indicated that location had a consistent effect on bacterial and fungal 
community structures (Fig. 1.4), and that bacterial and fungal community structures showed 
clear discrimination among the four farms. The bacterial community structures were significantly 
different among the locations in both 2011 and 2012 with the same global R = 0.97, and P = 
0.001. Similarly, fungal community structures were significantly different among the four farms 
(UIUC, Ayres, WIU, Hunt) with global R = 0.482, P = 0.001 in 2011, and global R= 0.462, 
P=0.001 in 2012. Moreover, the microbial community structures accessed by ARISA formed 
distinct groups between all the farm pairs tested (Table 1.12, P < 0.05). In contrast, cover crop 
treatments had a smaller effect on changing microbial community structures, and bacterial and 
fungal community structures in different cover crop plots tended to distribute randomly in MDS 
plots (Fig. 1.5; Fig. 1.6; Fig. 1.7; Fig. 1.8), indicating that bacterial and fungal community 
structures were not significantly different among different cover crop plots. Based on the R 
statistic and P value from the ANOSIM procedure, bacterial and fungal community structures 
were not significantly different over cover crop treatments on any farms in 2011 or 2012 (Table 
1.13 and Table 1.14, global R<0.5, P>0.05). Additionally, both bacterial and fungal community 
structures did not form distinct groups between most of the cover crop pairs tested (Table 1.13 
and Table 1.14). Fungal community structures were significantly different between cover crop 
pairs of fallow and rye (Table 1.13, R=0.778, P= 0.029), and rape and rye (Table 1.14, R=0.344, 
P=0.029) in the soil samples collected from the UIUC farm in 2012. With the soil samples 
collected from the Ayres Farm, fungal community structure was significantly different only  
between the cover crop treatment pair of fallow and rye (Table 1.13, R=0.51, P=0.029). 
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DISCUSSION 
Of the four cover crops tested in this study, cereal rye and rape had better performance 
overall than the other two cover crops in terms of winter hardiness, biomass production, 
maintaining soybean stands and soybean yield in Rhizoctonia infested soils, decreasing severity 
of Rhizoctonia root rot and incidence of Septoria brown spot, and in reducing soybean cyst 
nematode population densities. However, the effect of rye and rape on decreasing root diseases 
severity and foliar diseases incidence, and reducing SCN population was not consistent among 
locations or over years in the study. The rye no-till treatment on the WIU farm showed a more 
profound effect on reducing SCN populations and improving soybean yield when compared to 
incorporating the rye biomass into the soil. The effect of canola and mustard overall was not as 
prominent as rye and rape on alleviating levels of foliar and root diseases and reducing SCN 
population, and these result may be caused by multiple factors. First of all, canola and mustard 
had poor performance in terms of winter hardiness, so the biomass they produced was 
significantly lower than that of rye and rape. Additionally, moisture is important in the process of 
glucosinolate conversion to isothiocyanates (Morra and Kirkegaard, 2002; Matthiessen and 
Kirkegaard, 2006), and the dry weather in 2012 (4.6 cm precipitation in June, Illinois State Water 
Survey) may have limited the isothiocyanate release and leaching from the tissues. 
The effects of cover crop on decreasing severity and incidence of root and foliar diseases 
was not consistent over different field trials either, and the effect of cover crops on increasing 
soil suppressiveness to Rhizotonia root rot and SDS in the greenhouse bioassay was not 
consistent over locations and years. Many studies have been conducted to evaluate the effect of 
cover crops in suppressing pathogens, but with very mixed results. For example, Mazzola et al. 
(2007) found that various brassica seed meals, including mustard, significantly suppressed the 
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development of R. solani that caused Apple root rot. Another study investigated the suppression 
effect of cover crops including oilseed radish, mustard, ryegrass, rye on three soilborne 
pathogens (Sclerotinia sclerotiorum, F. culmorum and R. solani) in the greenhouse, and this 
study showed that only ryegrass had a significant effect on suppressing S. sclerotiorum, but none 
of the cover crops had a significant effect on suppressing F. culmorum or R. solani (Martinez, 
2009). 
The result of the field experiments in my study showed that the effect of certain cover 
crops (rye and rape) was more outstanding on UIUC split plots with pathogen infestations, but in 
other field trials that did not include infestation with pathogens, cover crops did not show the 
potential to increase soybean stands, or yield; so it appears that cover crops play a more 
important role in protecting soybean against harm and releasing the stress caused by pathogen 
infections in the short term. This result was consistent with several other studies in which the 
field trials were infested with pathogens to accentuate the effect of cover crops: Bensen et al. 
(2009) found that soil incorporation of mustard significantly reduced the density of Sclerotinia 
minor that was introduced into the soil artificially, and in the study of Blok et al. (2000), 
populations of the introduced pathogens Fusarium oxysporum f. sp. asparagi, R. solani, and 
Verticillium dahlia were significantly reduced in plots amended with broccoli green manure. 
The different results may also be due to the fact that the cover crops chosen in this study 
were not appropriate. Isothiocyantes (ITCs) were found to be the active compounds that suppress 
a broad range of soilborne pathogens, but the cover crop species chosen may not contain 
sufficient glocosinolate to transform into ITCs. Smolinska et al. (2003) studied the effect of 
individual ITCs on F. oxysporum in conifer seedling nursery soils, and they found that propenyl 
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and ethyl isothiocyanates had strong fungicidal effects. Cover crops contain higher amount of 
glucosinolates should be chosen in future studies. 
Another explanation for the different results is the different decomposition time of cover 
crop in the soils used in those studies. One study found that the decomposition stage of cover 
crops had an significant effect on soil suppressiveness to soilborne pathogens (Grunwald et al., 
2000): soil was the least suppressiveness to R. solani 20 days after cover crops incorporation 
compared to 1day, 7 days, and 35 days after incorporation, and relative growth of Pythium 
aphanidermatum was highest just after incorporation and decreased 3 weeks after incorporation. 
The soil samples we tested soil suppressiveness with were collected two weeks after cover crops 
were incorporated in the soil, which may not be at the best decomposition stage from which to 
assess suppressive to the two root diseases tested. For future studies, it will be interesting to let 
cover crops decompose for a longer period of time. 
The survey conducted by University of Illinois Extension in 2005 showed that 83% of 
fields in Illinois are infested with SCN, and the experimental farm at UIUC had a history of cyst 
nematode infection (Sikora and Noel, 1991). However, numbers of nematode eggs were not high 
in any of the soil samples collected from the four farms in this study. For SCN egg counting, fall 
sampling provides a better estimation of the population that will be present at planting, and the 
ideal sampling depth should be 8 to 10 inches (Bissonnette and Colgrove, 2012). However, in 
this study soil samples were collected in the spring after cover crops were incorporated in the soil, 
and the SCN population may be decreased during the cold winter. The soil cores we used in this 
study were collected to a depth of 6 inches, a shallower depth than is recommended. QPCR 
reactions did not detect soybean cyst nematode in most of the soil samples tested. Nematode egg 
counts confirmed that there should have been enough nematode DNA to be detected in the 
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QPCR procedure. However, the small amount of soil (around 0.3g) used for QPCR reaction 
greatly increased the chance of selecting a subsample with no target DNA, which would result in 
negative QPCR result. Another possibility is that the nematode eggs found in the soil were not 
those of soybean cyst nematode. If this were the case, the primers specific for H. glycines could 
not start the amplification of existing nematode DNA. In a further study, the eggs could be tested 
with molecular methods to identify the nematode species after counting, and the nematode could 
then be quantified by QPCR with specific primer sets. 
The populations of the other five pathogens were not significantly different among cover 
crop treated and fallow plots. It is believed that the addition of organic matter from cover crops 
has the potential to improve soil structure, increase soil organic matter levels, and reduce soil 
erosion, and that better soil quality helps reducing soilborne pathogens significantly (Frank and 
Murphy, 1977; Pedersen and Hughes, 1992). However, soil quality improvement is a long-term 
process that requires multiple years of continuous crop management. It was found in a study that 
the pink rot level was significantly lower on potato tubers harvested from 3-year rotational soils 
than it was on those from 2-year rotational soils (Peters et al., 2003). Additionally, cover crops 
may not suppress diseases through reducing the total pathogen populations, and general 
suppression may play a more important role in alleviating disease levels. Total microbial 
activities were enhanced because of the adequate carbon and nitrogen availability in the soil after 
cover crops were incorporated into the soil, and the microorganisms compete for nutrient and 
colonization with pathogens. Although the average total DNA amount of the pathogens were not 
significantly different over cover crop treatments, the activity and virulence of pathogens in 
different cover crop plots may have varied significantly. Furthermore, soilborne pathogens tend 
to have a patchy distribution pattern in the field, and it is easy to generate big standard deviations 
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of pathogen population estimates among replications by simply random sample collection. There 
are several ways to reduce standard deviation levels including reducing plot size, increasing the 
number of subsamples, and collecting soil samples from pathogen hot spots in each plot. 
Microbial community composition can be altered consistently by the addition of organic 
carbon substrates, so it is not surprising that adding labile organic matter (cover crop residue) 
will result in microbial community structure change. Previous studies have shown that the 
abundance of gram-negative bacteria, fungi and arbuscular mycorrhizal fungi, actinomycetes, 
and protozoa increased in organic cropping systems several months after cover crop termination 
(Schutter et al., 2001; Carrera et al., 2007; Buyer et al., 2010). Additionally, another study found 
that a cover crop treatment was the primary factor that caused changes in microbial community 
structure, regardless of soil moisture and temperature differences (Buyer et al., 2010). However, 
there is also a recent study that found that some cover crops, including rye and vetch, did not 
significantly affect microbial community structures (Buyer et al., 2010). Another study showed 
that addition of cover crops and compost tended to make similar changes to microbial 
community structure (Drenovsky et al., 2004). The results of this study showed that cover crops 
were not strong drivers of microbial community structure. 
The result relating to the effects of cover crops on changing soil microbial community 
composition may be the result of several drawbacks of ARISA; although it is a very sensitive and 
efficient technique. As a molecular technique, ARISA can be affected by the systemic bias 
introduced by the DNA extraction and PCR amplification procedures (Polz and Cavanaugh, 
1998), as well as bias cause by preferential amplification of shorter intergenic region and DNA 
flanking the intergenic region (Hansen et al., 1998). In addition, the number of OTUs detected by 
ARISA usually cannot represent the microbial diversity absolutely. On the one hand, intergenic 
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spacer fragments of different microbial species may be the same, which may cause the microbial 
diversity assessed by ARISA to be smaller than the actual microbial diversity in the ecosystem. 
On the other hand, interoperonic divergence in intergenic spacer length can cause one species 
contributing to several OTU peaks in ARISA profile, thus making the microbial diversity 
evaluated greater than the actual microbial diversity (Gurtler and Stanisich, 1996). 
In spite of all the concerns mentioned above, the results of this study indicate that ARISA 
is an effective and rapid method to estimate microbial community shifts under experimentally 
control conditions. I did observe differences in community structures among the locations, but 
not within locations as a result of cover crop treatments.  
Soil suppression to soilborne pathogens was observed in this study, although the effect of 
different cover crops varied, and the results were not consistent over locations or time. The 
mechanisms of soil suppression induced by cover crops are complex, and there may be multiple 
biological interactions involved. More consistent and obvious suppression of soilborne diseases 
by cover crops may require longer periods of cover cropping management with the right choice 
of cover crops. Additionally, soil suppression is not the only benefit that cover crops could bring, 
and it is believed that long term cover cropping management will definitely help improve soil 
structure, increase soil organic matter levels, and reduce soil erosion (Frank and Murphy, 1977; 
Pedersen and Hughes, 1992). Further research on long term cover cropping is necessary to better 
demonstrate the effect of cover crops on suppressing soilborne diseases of soybean. 
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Table 1.1. ANOVA results for biomass production by different cover crops on four farms in 2011 
and 2012. 
Year Location
a
 
Source of variance 
(Prob > F)
b
 
Block  Cover crop 
2011 
UIUC 0.2501 0.0048** 
Ayers Farm 0.6653 0.0079** 
WUI 0.2430 0.0091** 
Hunt Farm 0.8630 0.3012 
2012 UIUC 0.0524 0.0052** 
a
 Rye was the only cover crop planted on Ayres farm in 2012, so the analysis of variance was not 
done. UIUC: University of Illinois at Urban-Champaign; WIU: Western Illinois University. 
b
 **significant when P < 0.001 
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Table 1.2. Biomass produced by different cover crops on different farms in 2011 and 2012. 
Year Farm
a
 Cover Crops
b
 Biomass
c
 
2011 
UIUC 
Rye 32.6 A 
Rape 19.8 B 
Canola 10.4 B 
Ayres 
Rye 69.2 A 
Rape 15.8 B 
WIU 
Rye-notill 47.7 A 
Rye 46.1 AB 
Canola 27.6 BC 
Rape 23.1 C 
2012 UIUC 
Rye 40.7 A 
Rape 33.8 A 
Canola 
Mustard 
33.2 A 
11.3 B 
a
 UIUC: University of Illinois at Urbana-Champaign; WIU: Western Illinois University. 
b
 Mustard did not over winter in 2011, so mustard biomass was not collected in 2011. 
c
 Values represent the average weight (Kg) of cover crop in 0.145 square meter area. Within one 
location, means followed by the same letter are not significantly different.  
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Table 1.3. ANOVA results for the effect of cover crops on soybean stand counts on four farms in 
2011 and 2012. 
Year Farm
a
 
Source of variance  
(Pro > F)
b
 
Block Cover crop Inoculum Cover crop*Inoculum 
2011 
UIUC 0.0003** <0.0001*** <0.0001*** <0.0001*** 
Ayers 0.4475 0.7468   
WUI 0.1733 0.2056   
Hunt 0.5485 0.331   
2012 
UIUC 0.0535 0.4003 0.0011** 0.0844 
Ayers 0.0783 0.3089   
WUI 0.7557 0.0806   
Hunt 0.5485 0.3310   
a 
University of Illinois at Urbana-Champaign; WIU: Western Illinois University. 
b
 **significant when P < 0.01; ***significant when P < 0.0001.
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Table 1.4. Effect of pathogen infestation and cover crop treatments on soybean stand counts on 
the University of Illinois at Urbana-Champaign farm (UIUC) in 2011 and 2012. 
 
Treatment
a
 Soybean Stands (plants/m)
b
 
2011 UIUC 
Contol, Fallow 28.6  A 
Contol, Rye 28.1  A 
Control, Rape 26.8  AB 
Fv, Fallow 26.7  AB 
Control, Canola 26.6  AB 
Fv, Rape 26.1  AB 
Fv, Canola 26.0  AB 
Fv, Rye 25.8  AB 
Rs, Rye 25.1  AB 
Control, Mustard 24.9  AB 
Fv, Mustard 24.7  AB 
Rs, Rape 17.6  BC 
Rs, Canola 10.8  CD 
Rs, Mustard 5.8  D 
Rs, Fallow 5.5  D 
2012 UIUC 
Control 26.2  A 
Fv 22.9  B 
Rs 22.3  B 
a 
Fv: Fusarium virguliforme infected treatment; Rs: Rhizoctonia solani infected treatment 
b
 Means followed by the same letter were not significantly different according to the LSD test at 
α = 0.05.  
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Table 1.5. Effects of cover crop treatments on Septoria brown spot incidence and Rhizoctonia 
root rot severity at the Ayres farm and UIUC farm respectively in 2012. 
Farm
a
 Disease Cover Crop Disease Level
b
 
Ayres Farm Seporia brown spot 
Fallow 3.92 A 
Rye  0.17 B 
UIUC Rhizoctonia root rot 
Fallow 2.63 A 
Mustard 2.09 AB 
Rape 1.48 AB 
Canola 1.01 AB 
Rye 0.68 B 
a
 UIUC: University of Illinois at Urbana-Champaign. 
b
 Values for Ayres farm represent counts of soybean with Septoria brown spot, and that for UIUC 
farm represent lesion lengths caused by Rhizoctonia root rot. 
c
 Means followed by the same letter were not significantly different according to the LSD test at 
α = 0.05. 
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Table 1.6. ANOVA results for the effect of cover crops on soybean yield on four farms in 2011 
and 2012. 
Year Farm
a
 Source DF Sum of squares F ratio Prob>F
b
 
2011 
UIUC 
Block 3 12.54 2.75 0.0543 
Cover crop 4 26.58 4.38 0.0048** 
Inoculation 2 84.25 27.76 <0.0001*** 
Cover Crop*Inoculation 8 35.15 2.90 0.0115 
WIU 
Block 2 498.47 10.76 0.0032** 
Cover Crop 5 942.37 8.13 0.0027** 
Hunt 
Block 3 103.06 9.77 0.0100** 
Cover Crop 2 6.19 0.88 0.4624 
2012 UIUC 
Block 3 555.48 7.31 0.0005*** 
Cover crop 4 329.64 3.25 0.0206* 
Inoculation 2 15.93 0.31 0.7319 
Cover Crop*Inoculation 8 165.52 0.82 0.592 
a 
UIUC: University of Illinois at Urbana-Champaign; WIU: Western Illinois University. 
b
 *Significant when P < 0.05; **Significant when P < 0.01; ***Significant when P < 0.0001.  
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Table 1.7. Effects of cover crop treatments on soybean yields at the University of Illinois at 
Urbana -Champaign (UIUC) and Western Illinois University (WIU) trials in 2011 and 2012. 
Farm
a
 Treatment
b
 Yield (Kg/ha)
c
 
2011 UIUC 
Rape, Control 2501.0  A 
Canola, Fv 2395.3  AB 
Mustard, Control 2350.4  AB 
Rye, Fv 2335.2  AB 
Canola, Control 2257.6  AB 
Rape, Fv 2229.7  AB 
Mustard, Fv 2216.4  AB 
Fallow, Fv 2199.8  AB 
Rye, Rs 2165.2  AB 
Rye, Control 2130.8  AB 
Rape, Rs 1665.0  ABC 
Fallow, Control 1623.5  ABC 
Canola, Rs 1248.2  BC 
Fallow, Rs 883.4  C 
Mustard, Rs 559.9  C 
2012 UIUC 
Fallow 2843.5 A 
Mustard 2684.4 AB 
Rape 2490.0 AB 
Rye 2456.9 AB 
Canola 2433.1 B 
2011 WIU 
Rye-notill 3379.9  A 
Fallow 2600.9  B 
Canola 2440.9  BC 
Mustard 2309.5  BC 
Rape 1992.0  C 
Rye  1919.3  C 
a
 Plots on UIUC farm was infested with Rhizoctonia solani, Fusarium virguliforme or no 
infection. Pathogen infection and cover crop had an interaction effect in 2011, and only cover 
crop had significant effect on soybean yield in 2012. Plots at WIU were not infested 
b
 Fv: Fusarium virguliforme infected treatment; Rs: Rhizoctonia solani infected treatment. 
c
 Means followed by the same letter were not significantly different according to the LSD test at 
α = 0.05.  
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Table 1.8. ANOVA results for the greenhouse bioassay of soil suppressiveness to Fusarium 
virguliforme and Rhizoctonia solani with soil collected from four farms in 2011 and 2012. 
Pathogen Farm
a
 Source DF Sum of squares F ratio Pro>F 
F. virguliforme 
2012 WIU 
Block 2 0.03 0.18 0.8361 
Cover crop 4 2.10 6.20 0.0142* 
Error 8 0.68 0.08  
C. Total 14 2.81   
2012 Hunt 
Block 3 1.33 3.15 0.1077 
Cover crop 2 2.41 8.53 0.0176* 
Error 6 0.84 0.14  
C. Total 11 4.58   
R. solani 
2011 UIUC 
Block 3 10.65 4.46 0.0252* 
Cover crop 4 4.99 1.56 0.2451 
Error 12 9.55 0.79  
C. Total 19 25.20   
2012 UIUC 
Block 3 2.88 7.93 0.0035** 
Cover crop 4 1.07 2.21 0.1287 
Error 12 1.45 0.12  
C. Total 19 5.41   
2012 Ayres 
Block 3 0.49 1.93 0.3013 
Cover crop 1 1.08 12.57 0.0382* 
Error 3 0.25 0.08  
C. Total 7 1.84   
2012 WIU 
Block 2 0.22 0.76 0.4958 
Cover crop 4 2.45 4.12 0.042* 
Error 8 1.19 0.14  
C. Total 14 3.87   
a
 UIUC: University of Illinois at Urbana-Champaign; WIU: Western Illinois University. 
b
 *Significant when P < 0.05; **Significant when P < 0.01.  
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Table 1.9. Effects of cover crop treatments soil suppressiveness to different pathogens in the 
greenhouse bioassays with soil collected from different cover crop plots on different farms in 
2012. 
Pathogen Farm
a
 Cover crop Disease severity
b
 
Fusarium virguliforme  
WIU 
Canola 2.1 A 
Rye 2.0 A 
Fallow 2.0 A 
Mustard 2.0 A 
Rape 1.1 B 
Hunt 
Fallow 2.5 A 
Rape 1.6 B 
Rye 1.6 B 
Rhizoctonia solani 
Ayres 
Fallow 1.5 A 
Rye 0.8 B 
WIU 
Fallow 1.5 A 
Canola 0.9 AB 
Mustard 0.7 B 
Rye 0.5 B 
Rape 0.4 B 
a 
UIUC:
 
University of Illinois at Urbana-Champaign; WIU: Western Illinois University. 
b 
Values for F. virguliforme represent the average SDS severity rated with 1-5 scale, and that for 
R. solani represent the average lesion length (cm) caused by R. solani. Means followed by the 
same letter were not significantly different according to the LSD test at α = 0.05.
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Table 1.10. ANOVA results for the effect of cover crops on soybean cyst nematode (SCN) 
population on four farms in 2011 and 2012. 
Year Farm
a
 Source DF Sum of squares F ratio Pro>F
b
 
2011 
UIUC 
block 3 12.68 0.34 0.7933 
cover crop 4 330.82 6.75 0.0044** 
Error 12 146.98 12.24  
C. Total 19 490.49   
Ayres 
block 3 155.57 2.18 0.1908 
cover crop 2 478.25 10.07 0.0121* 
Error 6 142.44 23.74  
C. Total 11 776.26   
WIU 
block 2 424.47 2.84 0.1054 
cover crop 5 2286.20 6.12 0.0075** 
Error 10 746.93 74.69  
C. Total 17 3457.61   
Hunt 
block 3 104.88 2.25 0.1823 
cover crop 2 2.36 0.07 0.9275 
Error 6 92.99 15.49  
C. Total 11 200.23   
2012 
UIUC 
block 3 58.97 3.24 0.0601 
cover crop 4 18.14 0.74 0.5775 
Error 12 72.68 6.05  
C. Total 19 149.80   
Ayres 
block 3 128.09 2.61 0.2255 
cover crop 1 22.04 1.34 0.3294 
Error 3 49.01 16.33  
C. Total 7 199.16   
WIU 
block 2 33.52 1.46 0.2873 
cover crop 4 386.26 8.43 0.0057 
Error 8 91.62 11.45  
C. Total 14 511.42   
Hunt 
block 3 54.83 1.83 0.2416 
cover crop 2 209.65 10.51 0.0109* 
Error 6 59.81 9.96  
C. Total 11 324.29   
a 
UIUC: University of Illinois at Urbana-Champaign; WIU: Western Illinois University 
b
 Data was square root transformed.*Significant when P < 0.05; **Significant when P < 0.01; 
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Table 1.11. Soybean cyst nematode (SCN) egg counts in soils collected from different cover crop 
plots on four farms in 2011 and 2012. 
 
Year Farm
a
 Cover Crops 
SCN egg counts
b 
(eggs/100ml soil) 
2011 
UIUC 
Fallow 21.70 A 
Mustard 17.53 AB 
Rape 15.35 AB 
Rye 12.61 B 
Canola 9.86 B 
Ayres 
Fallow 30.04 A 
Rye 17.72 B 
Rape 15.79 B 
WIU 
Fallow 43.34 A 
Mustard 28.32 AB 
Rape 22.82 AB 
Canola 18.18 B 
Rye 14.69 B 
Rye-Notill 7.87 B 
2012 
WIU 
Fallow 19.59 A 
Canola 12.78 AB 
Rye 10.18 AB 
Mustard 8.74 B 
Rape 4.22 B 
Hunt 
Fallow 14.95 A 
Rape 6.98 B 
Rye 5.40 B 
a UIUC: University of Illinois at Urbana-Champaign; WIU: Western Illinois University. 
b 
The nematode count data was square root transformed. 
c 
Within a location, means followed by the same letter mount of SCN eggs was not significantly 
different according to the LSD test at α = 0.05. 
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Table 1.12. Analysis of similarity (ANOSIM) for bacterial and fungal community structure 
composition among different farms with soil collected from four farms in 2011 and 2012. 
 2011 2012 
Interaction
a
 
Bacterial 
ANOSIM 
Fungal 
ANOSIM 
Bacterial 
ANOSIM 
Fungal 
ANOSIM 
R P %
b
 R P% 
b
 R P %
b
 R  P %
b
 
Global 0.97 0.1** 0.482 0.1** 0.97 0.1** 0.462 0.1** 
Ayres, Hunt 0.538 0.1** 0.08 4.1* 0.907 0.1** 0.213 1.7* 
Ayres, UIUC 0.997 0.1** 0.497 0.1** 0.999 0.1** 0.386 0.1** 
Ayres, WIU 0.982 0.1** 0.481 0.1** 0.962 0.1** 0.115 9.8 
Hunt, UIUC 0.994 0.1** 0.495 0.1** 0.988 0.1** 0.617 0.1** 
Hunt, WIU 0.94 0.1** 0.525 0.1** 0.915 0.1** 0.661 0.1** 
UIUC, WIU 1 0.1** 0.672 0.1** 1 0.1** 0.54 0.1** 
a
 Ayres: Ayres farm; Hunt: Hunt farm; UIUC: University of Illinois at Urbana-Champaign; WIU: 
Western Illinois University. 
b
* Significant when P< 0.05, **Significant when P<0.01 
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Table 1.13. Analysis of similarity (ANOSIM) for bacterial and fungal community structure 
composition among different cover crop plots with soil collected from University of Illinois at 
Urban-Champaign (UIUC) and Ayres farm (Ayres) in 2011 and 2012. 
  2011 2012
b
 
Location Interaction
a
 
Bacterial 
ANOSIM 
Fungal 
ANOSIM 
Bacterial 
ANOSIM 
Fungal 
ANOSIM 
 R P%
c
 R P%
c
 R P%
c
 R P%
c
 
 Global -0.068 78.2 0.063 20.4 0.013 44.6 0.0173 5.9 
 CF -0.333 100 0.042 22.9 -0.135 74.3 0.315 8.6 
 CM 0.208 8.6 -0.094 82.9 -0.146 85.7 -0.094 62.9 
 CRa -0.281 97.1 -0.052 60 -0.094 85.7 -0.073 60 
 CRy 0.052 34.3 0 60 0.146 14.3 0.313 17.1 
UIUC FM 0.115 34.3 0.063 28.6 -0.146 71.4 0.019 40 
 FRa -0.417 100 0.313 11.4 -0.052 74.3 0.315 14.3 
 FRy -0.125 71.4 0.073 31.4 0.281 8.6 0.778 2.9* 
 MRa 0.063 28.6 0.26 5.7 -0.042 45.7 -0.104 65.7 
 MRy 0.198 11.4 0.188 11.4 0.052 40 0.219 11.4 
 RaRy -0.26 100 0.01 42.9 0.156 14.3 0.344 2.9* 
 Global -0.032 57 -0.067 69.8 -0.042 48.6 0.51 2.9* 
 Fra -0.177 77.1 -0.111 68.6     
Ayres Fry 0.063 42.9 -0.074 62.9 -0.042 48.6 0.51 2.9* 
 RaRy 0.042 51.4 -0.042 48.6     
a
 CF, canola vs fallow; CM, canola vs mustard; CRa, canola vs rape; CRy: canola vs rye; FM, 
fallow vs mustard; FRa: fallow vs rape; FRy: fallow vs rye; MRa, Mustard vs rape; MRy: 
mustard vs rye; RaRy: rape vs rye. 
b
 Rape did not develop on Ayres farm in 2012, so no comparison in microbial community 
structure was made between rape and other cover crop treatments. 
c
*Significant when P< 0.05 
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Table 1.14. Analysis of similarity (ANOSIM) for bacterial and fungal community structure 
composition among different cover crop plots with soil collected from Western Illinois 
University farm (WIU) and Hunt farm (Hunt) in 2011 and 2012. 
 Interaction
a
 
2011 2012
b
 
Bacterial 
ANOSIM 
Fungal 
ANOSIM 
Bacterial 
ANOSIM 
Fungal 
ANOSIM 
R P%
c
 R P%
c
 R P%
c
 R P%
c
 
 Global -0.193 99.6 0.096 19.3 -0.01 51.5 -0.168 91.2 
 FRa -0.185 90 0.083 40 0.222 20 -0.25 90 
 FRy -0.222 90 0.185 20 0.259 20 -0.25 90 
 FM -0.222 90 0.333 10 0.481 20 -0.667 100 
 CF -0.259 100 0.75 10 0 70 0.25 20 
WIU FN 0.037 50 -0.074 60     
 RaRy -0.37 100 -0.333 90 -0.296 100 -0.185 90 
 MRa -0.111 60 -0.25 90 -0.148 80 -0.148 90 
 CRa -0.185 90 -0.25 100 -0.296 100 -0.148 90 
 NRa -0.148 70 -0.5 90     
 MRy -0.047 100 0.148 30 0 70 -0.296 100 
 CRy -0.259 100 -0.083 70 -0.259 80 0 50 
 Nry -0.222 100 0.111 30     
 MC -0.222 100 0.5 20 0 70 0.111 30 
 MN -0.296 100 -0.074 70     
 CN -0.074 80 0.417 20     
 Global -0.063 69.7 -0.12 81.3 -0.097 78.9 0.088 22.4 
 Fra -0.052 71.4 -0.125 94.3 -0.167 74.3 -0.01 51.4 
Hunt Fry 0.148 22.9 -0.185 80 0 48.6 0.167 22.9 
 RaRy 0.296 97.1 -0.056 65.7 -0.177 94.3 0.115 37.1 
a
 CF, canola vs fallow; CM, canola vs mustard; CRa, canola vs rape; CRy: canola vs rye; FM, 
fallow vs mustard; FRa: fallow vs rape; FRy: fallow vs rye; FN; fallow vs no till rye; MN: 
mustard vs no till rye; CN: canola vs no till rye; MRa, Mustard vs rape; MRy: mustard vs rye; 
RaRy: rape vs rye. 
b 
The no till try treatment was deleted on the WIU farm in 2012, no comparison in microbial 
community structure was made between no till rye other cover crop treatments. 
c
*Significant when P< 0.05.
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Fig. 1.1. Four field trial locations in Illinois over two seasons from 2010 to 2012. 
Champaign, IL: 
   UIUC trial and Ayers Farm trial 
 
Macomb, IL: 
   WIU trial and Hunt Farm trial 
49 
 
Fig. 1.2. The scale used to rate root discoloration caused by sudden death syndrome (SDS). SDS 
was rated using a 1~5 scale based on the the percentage of root discoloration where 1=0-20% 
discoloration (far right); 2=21-40% discoloration; 3=41-60% discoloration; 4=61-80% 
discoloration; and 5=81-100% discoloration (far left). 
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Fig. 1.3. Soybean stands in Rhizoctonia solani infested subplots responding to different cover 
crop treatments, University of Illinois at Urbana-Champaign (UIUC), 2011. 
 
 
 
  
 
 
  Fallow plot Mustard plot Canola plot Rye plot Rape plot 
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Fig. 1.4. Fingerprints of the bacterial and fungal community structure generated using nonmetric multidimensional scaling (NMDS) 
over locations. 
  
 
 
  
 
 
 
 
 
 
 
 
 
  
 
2011 bacterial community structure on four farms 2012 bacterial community structure on four farms 
2011 fungal community structure on four farms 2012 fungal community structure on four farms 
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Fig. 1.5. Fingerprints of the bacterial and fungal community structure over cover crop treatments generated using nonmetric 
multidimensional scaling (NMDS) with 2011and 2012 University of Illinois at Urbana-Champaign farm data. 
  
2011bacterial community structure 2011fungal community structure 
2012 bacterial community structure 2012 fungal community structure 
53 
 
Fig 1.6. Fingerprints of the bacterial and fungal community structure over cover crop treatment generated using nonmetric 
multidimensional scaling (NMDS) with 2011 and 2012 Ayres farm data. 
2011 bacterial community structure 2011fungal community structure 
2012 bacterial community structure 2012 bacterial community structure 
54 
 
Fig 1.7. Fingerprints of the bacterial and fungal community structure over cover crop treatments generated using nonmetric 
multidimensional scaling (NMDS) with 2011 and 2012 WIU farm data. 
  
2011fungal community structure 
2012 bacterial community structure 2012 bacterial community structure 
2011 bacterial community structure 
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Fig 1.8. Fingerprints of the bacterial and fungal community structure over cover crop treatment generated using nonmetric 
multidimensional scaling (NMDS) with 2011 and 2012 Hunt farm data. 
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Chapter 2 
Association of Soybean Green Stem Disorder with Anthracnose, Charcoal Rot, and Soil 
Moisture Conditions in Two Soybean Cultivars 
ABSTRACT 
Green stem disorder (GSD) of soybean [Glycine max (L.) Merr.] is an abnormal condition 
in which soybean stems stay moist and immature after pods and leaves have fully dried and 
matured. Delayed maturity of soybean stems has not been found to cause yield loss; however, it 
significantly increases the difficulty of harvesting the grain because the moist green stems of 
plants are more difficult to cut than plants without green stems. GSD is referred to as a disorder 
rather than disease since the cause of GSD is still unknown. The goal of my research was to 
investigate GSD and its occurrence within two soybean cultivars when inoculated or 
mock-inoculated with two soybean pathogens under different soil moisture conditions. The 
specific objectives were to determine the: (i) association of GSD with infection of each fungal 
pathogen alone; (ii) interaction between M. phaseolina and C. truncatum infection on GSD 
incidence; and (iii) interaction between soil moisture and M. phaseolina infection on GSD 
incidence. Two soybean genotypes differing in relative sensitivity towards GSD based on prior 
field results were used in all experiments. Stine 2463, a GSD sensitive cultivar, and Hughes 441, 
a GSD insensitive cultivar were used in five experiments. Soybean plants were mock-inoculated 
and inoculated with C. truncatum, M. phaseolina, or both. Overall the results of the five 
experiments indicated that GSD incidence was independent of soil moisture level (P > 0.05); 
there was a significant (P < 0.0001) negative relationship between M. phaseolina inoculation 
levels and GSD incidence for Stine 2463, R² = 0.6376, and Hughes 441R, R² = 0.6323, with 
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incidence of GSD decreasing concomitantly with increases in M. phaseolina inoculum levels: 
and there was a significant negative association (P < 0.01) for lower GSD incidence with higher 
percent rate of C. truncatum infection. 
INTRODUCTION 
 Symptomatology of green stem disorder (GSD) of soybean was clearly defined in 2006 
(Hobbs et al., 2006). The cause of GSD of soybean remains unknown (Hill et al., 2006; Hobbs et 
al., 2006). Virus infection, insect feeding, and certain environmental stresses were shown not to 
be associated with the disorder (Hobbs et al., 2006). Relative differences among soybean 
cultivars for GSD sensitivity are consistent across years and locations, indicating that soybean 
genetics is an important component influencing the incidence of GSD in a cultivar (Hill et al., 
2006). Although this disorder has not been shown to cause yield loss directly, GSD may be 
associated with yield loss indirectly in some cases (Staton and Thelen, 2011). Delaying harvest 
to avoid cutting the moist and tough stems may result in pod shatter and/or moldy seed. 
Harvesting soybean fields with a high incidence of GSD was suggested to increase combine fuel 
consumption and reduce harvest speed (Hobbs et al., 2006). Because of these problems, GSD of 
soybean has captured increased attention of soybean researchers and growers in recent years. 
Delayed plant maturity is often indicative of a virus infection (Sweets and Bailey, 2002). 
Bean pod mottle virus (BPMV) was implicated as the cause of GSD in an earlier study (Schwenk 
and Nickell, 1980). Recently, research conducted in Illinois and Wisconsin concluded that GSD 
occurrence was independent of BPMV infection (Grau, 2003; Hobbs et al., 2006). Other plant 
viruses, such as Tobacco ringspot virus (TRV), and Soybean mosaic virus (SMV), were also 
implicated to be causes of GSD (Wright, 2003; Holshouser, 2009). The distributions of TRV and 
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SMV infections are usually in irregular spots in the field. In contrast, the incidence of GSD is 
usually more evenly distributed within a field, sometimes affecting nearly all of the plants 
(Hobbs et al., 2006; Sweets and Bailey, 2002). Additionally, the symptoms caused by TRPV and 
SMV usually involve the delayed maturity of all plant parts, including pods (Sweets and Bailey, 
2002). For these reasons, GSD, with ripe pods but immature stems, is unlikely to be caused by 
these plant viruses. 
Some insect pests such as bean leaf beetles and stinkbugs were also thought to have a role 
in causing GSD (Hobbs et al., 2006). Insect feeding can reduce soybean pod and seed growth 
and development (Todd, 1989; Depieri and Panizzi, 2011). As a consequence, plants may fail to 
mature due to the reduced load of pods below plant physiological capacity. Green stink bug 
(Acrosternum hilare) damage has been reported to delay whole plant senescence in soybeans 
(Sweets and Bailey, 2002; Boethel et al., 2000). Such delayed senescence of whole soybean 
plants includes stems, leaves, and pods. In contrast, only the delayed senescence of stems 
occurred in GSD (Hill et al., 2006; Hobbs et al., 2006). The effects of insect feeding on incidence 
of GSD were tested in cage experiments in Illinois. Results showed that infestation with bean 
leaf beetles, leafhoppers, or stinkbugs did not have a significant effect on GSD incidence (Hobbs 
et al., 2006). 
It is possible that fungicides can delay soybean maturity (Phillips, 1984). A study 
conducted at University of Illinois from 2004 to 2008 found that fungicide application promoted 
an increased incidence of soybean green stem disorder, especially a high rate of a mixture of a 
triazole and a strobilurin sprayed at mid-season (Hill et al., 2013). The hypothesis behind this 
study was that fungal pathogens killed soybean stems during ripening before harvest, 
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consequently eliminating GSD symptoms and reducing GSD incidence. The study found a high 
level of infection of normal stems with different fungal pathogens, such as Diaporthe/Phomopsis 
species and M. phaseolina, whereas a high proportion of soybean stems with GSD were infected 
with Colletotrichum spp., which indicated strong associations between GSD and the presence of 
specific fungi in soybean stems. A significant reduction in M. phaseolina colonization in stems in 
fungicide treated plants was also found, which may explain why fungicide application caused an 
increase of GSD incidence. Therefore, these results appeared to support the hypothesis that GSD 
may simply be plants without significant disease. Two diseases, charcoal rot and anthracnose 
were reported to have some association with GSD based on field sampling of stems (Hill et al., 
2013). 
Charcoal rot (CR) of soybean, caused by M. phaseolina, is a common root and stem 
disease on soybean. Symptoms of CR include early maturation, leaf chlorosis and wilting, and 
incomplete pod filling (Smith and Wyllie, 1999). The most diagnostic sign of charcoal rot is the 
presence of black microsclerotia embedded in the infected stems. The lower stems infected with 
M. phaseolina usually exhibit a gray or silvery discoloration (Dhingra and Sinclair, 1974). A 
shredded appearance of CR-infected stems is common late in the season. CR is favored by hot 
and dry conditions (Short et al., 1980). Signs and symptoms of the disease are most evident when 
soybean plants approach maturity. 
Anthracnose of soybean is a common leaf and stem disease caused primarily by C. 
truncatum. It is widespread in the tropics and subtropics where there are warm (20-25 
o
C) and 
humid conditions (Hartman et al., 1999). The common symptoms of anthracnose of soybean are 
dark irregular lesions covered with small black acervuli. Symptoms are more likely to be seen at 
later growth stages on stems, pods, and leaves when the plants approach maturity. C. truncatum 
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has a biotrophic stage in infected soybeans. During this biotrophic stage, the organism can live as 
an endophyte within soybean stems. Endophytes inhabit plants without producing signs or 
disease symptoms (Hartman et al., 1986; Pimentel et al., 2006). Endophytes in soybean may 
have an important role in protecting soybean plants against infection of pathogens and other 
invaders (Azevedo et al., 2000). They may also increase the ability of soybean plants to tolerate 
abiotic stresses such as drought. It is possible that C. truncatum growing as an endophyte within 
soybean stems may play a role in the development of GSD by preventing or reducing the 
infection of stems by M. phaseolina, resulting in CR-free stems remaining green. The endophytic 
phase of C. truncatum infection may explain why a high proportion of soybean stems with GSD 
were infected with Colletotrichum spp. with a lower proportion of stems having M. phaseolina 
compared with normal stems (Hill et al., 2013). 
Soil moisture conditions can affect the incidence and severity of many disorders and 
diseases of plants. For example, dry conditions promote non-senescence of leaves and stalks in 
sorghum (Tenkouano et al. 1992). In soybean, low soil moisture has been suspected as a potential 
cause contributing to GSD. It was reported that the lack of rain and low soil moisture contributed 
to an outbreak of GSD in Michigan in 2007 (Staton and Thelen, 2011). It was also suspected that 
fluctuations in moisture could trigger GSD (Grau, 2003). In addition, soil moisture is often 
associated with soybean stem diseases including charcoal rot and anthracnose. CR of soybean is 
favored by hot and dry conditions, whereas the development of anthracnose is favored by 
moderate temperatures and high humidity. Drought may affect the development of GSD in two 
possible ways: 1) drought may decrease the incidence of GSD by promoting CR of soybean; and 
2) drought may promote abortion of flower and developing pods early in the growing season, 
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resulting in excessive accumulation of photosynthates in the stems, possibly contributing to 
delayed stem maturation, which increases GSD incidence. 
The overall goal of this research was to determine the interactions between soybean 
genotype, M. phaseolina and C. truncatum infection, and soil moisture on the incidence of GSD. 
The objectives of this research were to determine the: (i) association of GSD with infection of 
each fungal pathogen alone (experiment 1-3); (ii) interaction between M. phaseolina and C. 
truncatum infection on GSD incidence (experiment 4); and (iii) interaction between soil moisture 
and M. phaseolina infection on GSD incidence (experiment 5). 
MATERIALS AND METHODS 
Experiment 1. Effect of different levels of M. phaseolina inoculum on GSD incidence. 
The experiment was a factorial with two factors arranged in a completely randomized design 
(CRD) with five replications. The two factors were soybean genotype and level of M. phaseolina 
inoculum. The two soybean genotypes were Stine 2463, which is a GSD sensitive cultivar, and 
Hughes 441R, which is a GSD insensitive cultivar. The two genotypes were infested with M. 
phaseolina at four levels: mock, 100, 200, and 300 ml infested millet grain per 1.5 L of soil-less 
medium. 
Dry and cleaned white millet grain (Siemer Enterprises Inc, Collinsville, IL) was placed 
(500 ml) into each of two 2.8 L Fernbach flasks, followed by adding 1.5 L distilled water. The 
millet was soaked for 24 hours at 25+1 ºC, excess water decanted off, and the millet autoclaved 
on consecutive days for 60 min at 121 ºC. An aggressive monothallic M. phaseolina isolate, 
named Pinetree, collected in Pinetree, Arkansas, obtained from Dr. John Rupe, University of 
Arkansas, Fayetteville (Twizeyimana et al., 2012), was transferred to potato dextrose agar (PDA)  
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and grown for a week in the dark at 28 ºC. The agar culture was cut into small plugs using a cork 
borer (0.8 cm diameter opening) and all the pieces from one plate were transferred into the two 
flasks to infest the millet grain. After 3 days, the millet cultures were incubated for 2 weeks at 
room temperature and shaken daily to keep the millet grain separated. 
Two soybean genotypes, Stine 2463 and Hughes 441R, were planted in the greenhouse. 
Each cultivar was inoculated with M. phaseolina infested millet at different levels when planting. 
First, 1 L of soil-less growth medium (Metro-Mix 510, Sungro, Agawam, MA) was placed into a 
plastic pot (15.24 cm in diameter) (BFG Supply Co. Burton, OH). For the mock-inoculation 
treatment, 100 ml non-infested millet grain was used, and for the inoculation treatments, 100 ml, 
200 ml, or 300 ml M. phaseolina infested millet grain were placed on top of the 1 L of soil-less 
medium. Then the inoculation treatments were covered with 250 ml of soil-less medium. Five 
seed of each genotype were placed on the surface and covered with another 250 ml of soil-less 
medium (Appendix D). Approximately 30 ml of Osmocote 19-6-12 (The Scotts Miracle-Gro 
Company, Marysville, OH) slow release nutrient pellets were placed over the surface of each pot. 
Plants were maintained in the greenhouse at 24 
o
C and 16 h photoperiod. Supplemental light was 
provided by 1000 watt high pressure, sodium vapor lights (156 E s-1 m-2). Plants were watered 
daily. Plants were thinned to three per pot 10 days after plant emergence. Each pot represented an 
experimental unit. 
Incidence of GSD in each experimental unit was recorded when plants reached 
physiological maturity (growth stage (GS) R8; Fehr and Caviness, 1977), when all pods had lost 
green coloration (Gbikpi and Crookson, 1981). All stems were collected to identify M. 
phaseolina inside the stems. Stems were split from the ground line up to approximately 15 cm 
above the soil. Diagnostic signs of microsclerotia were examined visually and under a  
63 
 
dissecting microscope. A second trial of experiment 1, with the same experimental design but 
with five M. phaseolina inoculum levels, mock, 100 ml, 200 ml 300 ml, and 400 ml per 1.5 L of 
soil-less medium, was conducted. Other conditions remained the same as with the first trial. 
Experiment 2. Determination of the association between GSD and M. phaseolina 
infection. The experiment was set up as a two-factor factorial arranged in a RCBD with five 
blocks. Factors were soybean genotype, Stine 2463 and Hughes 441R, and inoculation treatment, 
inoculated with 200 ml M. phaseolina-infected millet grain or mock-inoculated. Soybean seeds 
were planted and inoculated as described in the experiment 1. An individual plant was the 
experimental unit per pot. Data were recorded on first bloom date, date to GS R8, and then the 
incidence of GSD and charcoal rot for each experimental unit was recorded when each plant at GS 
R8. Infection of M. phaseolina was examined in the same way described in experiment 1. The 
whole experiment was repeated once. 
Experiment 3. Association between GSD and C. truncatum infection. This experiment 
was set up as a two-factor factorial arranged in a RCBD with five blocks. Factors were soybean 
genotype, Stine 2463 and Hughes 441R, planted as described above, and inoculation treatment, C. 
truncatum inoculated or mock-inoculated. One single plant per pot was the experimental unit. 
C. truncatum was grown on PDA for 1 week at 25 
o
C. Six 0.5 cm diameter plugs cut from 
the margin of actively growing cultures were transferred to potato dextrose broth (PDB) and 
grown for 1 week on an orbital shaker (Lab-line instruments Inc, Melrose Park, IL), set for 100 
RPM, at 25 
o
C. Mycelium from the PDB shake cultures was collected on Whatman Grade 1 filter 
paper with 11 µm particle retention and allowed to air dry for about an hour. Exactly 20 mg dried 
mycelium was blended for 30 seconds with 100 ml distilled water, followed by a 30 second 
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pause before blending for another 30 seconds, to make 20 mg C. truncatum hyphal fragments/ml 
inoculum. 
For the inoculation treatment, plants were sprayed with 20 mg C. truncatum hyphal 
fragments/ml suspension at a rate of 400 ml inoculum/25 plants applied at GS V2, when there 
were two unrolled trifoliolate leaves and three nodes on the plants (Fehr and Cavendish, 1977). 
Plants were inoculated again at the GS V5, when there were five unrolled trifoliolate leaves and 
six nodes on the plant (Fehr and Cavendish, 1977). For the mock-inoculation treatment, plants 
were sprayed with 400 ml distilled water. Following the application of the inoculation and 
mock-inoculation treatments, plants were incubated in a dew chamber (Percival Scientific, 
Model I 35-D, Boone, IA) for 48 hours at 25-26 
o
C. The wall temperature of the dew chamber 
was set at 20 
o
C during the day, 17 
o
C during the night. The water temperature of the dew 
chamber was set at 35 
o
C during the day, 32 
o
C during the night. These settings produced a 
saturated atmosphere within the dew chamber promoting the formation of constant dew on the 
plant surfaces. Plants were maintained in a growth chamber (Polar Refrigeration LLC, Urbana, 
IL) before, during and after inoculation at 24 
o
C with 12 h photoperiod. Supplemental light was 
provided by four 54 W Hg florescent cool white lamps. Plants were watered daily. All stems 
were collected to identify M. phaseolina inside the stems at GS R8. Irregular brown areas on 
stems were examined under a dissecting microscope for fruiting structures of C. truncatum. The 
number of plants infected with C. truncatum in each pot was recorded, and the number of plants 
infected with GSD symptoms was also recorded at GS R8. The whole experiment was repeated 
once. 
Experiment 4. Interaction between GSD with M. phaseolina and C. truncatum 
inoculations. This experiment was a two-factor factorial arranged in a RCBD with four blocks. 
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Factors were soybean genotype, Stine 2463 and Hughes 441R, and inoculation treatment: 
inoculation with C. truncatum alone, M. phaseolina alone, C. truncatum and M. phaseolina, and 
mock-inoculation. Infested M. phaseolina and C. truncatum millet inoculum was prepared and 
applied as described for experiment 1. Each plant per pot was one experimental unit. 
Each soybean genotype was planted as described in experiment 1. For the inoculation 
treatments, plants were inoculated with 200 ml M. phaseolina-infested millet grain, or C. 
truncatum-infested millet grain, or 100 ml M. phaseolina-infested millet grain and 100 ml C. 
truncatum-infested millet grain together, at planting as described in experiment 1. For the 
mock-inoculation treatment, 200 ml sterile millet grain was applied. Plants were maintained in 
the greenhouse with 12 h photoperiod provided by ambient light (shades were applied after 12 h 
photoperiod) at 25 
o
C. First bloom date, date to GS R8, and incidence of GSD and of charcoal rot 
or anthracnose were recorded at GS R8 for each experimental unit. The experiment was repeated 
once. 
Experiment 5. Interaction between GSD, M. phaseolina infection, and soil moisture. 
This experiment was set up as a three-factor factorial in a CRD with four replications. Factors were 
soybean genotype, Stine 2463 and Hughes 441R, inoculation treatment, inoculation or 
mock-inoculation, and soil moisture levels, drought treatment or wet treatment. For inoculation 
treatments, applied at planting, plants were inoculated with 200 ml M. phaseolina infested millet 
grain. For the mock inoculation treatment, 200 ml of sterile millet grain was applied. 
Soil moisture was controlled by the CR 1000 measurement and control system for the dry 
and wet treatments respectively. The CR 1000 management and control system was activated for 
each plant separately when they reached the GS R1 (first bloom). The CR 1000 management and 
control system consisted of a data logger, 32 soil moisture sensors, 32 solenoids, and a PC. A 
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CRBASIC program was sent to the data logger through the PC. Soil moisture level for each pot 
was set in the program. Thirty-two 10HS sensors (Decagon Devices, Inc., Pullman, WA) and 
thirty-two solenoids were connected with the CR 1000 data logger. Each of the 32 sensors was 
buried in each classic 600 pot (23 cm in diameter) to measure the volumetric water content 
(VWC) in soil by measuring the dielectric constant. Each of 32 emitters connecting with each of 
the 32 solenoids was placed in each pot and provided water when moisture level was lower than 
the setting level (Appendix E). The soil moisture was controlled at 0.28 VWC for the dry 
treatment and 0.52 VWC for the moist treatment. Before the automatic irrigation system was 
activated when each plant reached R1, all the plants were irrigated to flooding by hand to avoid 
pre-mature drought stress. First bloom date and harvest maturity date were recorded. Stems were 
collected to determine levels of M. phaseolina infection as described in experiment 1. The 
number of plants infected by M. phaseolina in each pot and the number of plants with GSD 
symptoms were recorded. A second trial of this experiment was conducted with the soil moisture 
set at 0.25 VWC for the dry soil treatment and 0.55 VWC for the wet soil treatment, and the M. 
phaseolina inoculation concentration was increased from 200 ml millet grain/pot to 400 ml 
millet grain/pot. Other conditions remained the same as with the first test. 
Statistical analysis. All statistical analyses were performed with the aid of JMP Version 
9.0.2 (SAS Institute Inc., Cary, NC). Regression analysis was performed to determine the 
relationship between GSD incidence and M. phaseolina inoculation levels in experiment 1. GSD 
incidence was regressed on four (test 1) or five (test 2) different levels of M. phaseolina 
inoculation. A chi-square test of independence was performed on the counts of plants with or 
without green stem disorder symptoms and infected or not infected with M. phaseolina or C. 
truncatum at growth stage R8.  This was done on the data collected from in experiments 2, 3, and 
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5 to determine the association between M. phaseolina or C. truncatum infection and GSD 
incidence (Little and Hills, 1978). A chi-square test of independence was also performed on the 
counts of plants with or without GSD incidence and dry or moist treatment to determine the 
associations between M. phaseolina infection, soil moisture, and GSD incidence in experiment 5. 
The null hypothesis for all chi square tests was that the number of plants with GSD for each 
possible combination of factors in the experiments was equal, indicating independence of the 
factors with each other. Rejection of the null hypothesis indicated an association between the 
factors. Analysis of variance (ANOVA) was performed to analyze the effects of soybean genotype, 
pathogen infection and their interactions on GSD incidence in experiment 4. 
RESULTS 
Experiment 1. Effect of different levels of M. phaseolina inoculum on GSD incidence. 
There was a significant (P < 0.0001) negative association between M. phaseolina inoculation 
levels and GSD incidence for both Stine 2463 (R² = 0.6376) and Hughes 441R (R² = 0.6323) in the 
first test (Fig. 2.1). Similarly, a significant (P < 0.0001) negative association was found for both 
Stine 2463 (R² = 0.7534) and Hughes 441R (R
2 
= 0.759) in the modified second test (Fig. 2.1). The 
incidence of GSD decreased with each increase in M. phaseolina inoculum level. 
Experiment 2. Determination of the association between GSD and M. phaseolina 
infection. Chi square analyses indicated that GSD incidence and M. phaseolina infection were 
independent for both Stine 2463 (P = 0.516) and Hughes 441R (P = 0.814) (Table 2.1). The M. 
phaseolina infection rate was 24% for Stine 2467 and 22% for Hughes 441R. 
Experiment 3. Association between GSD and C. truncatum infection. C. truncatum 
infection was significantly associated (P < 0.001) with increased incidence of GSD in both 
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soybean genotypes (Table 2.2). The C. truncatum infection rate for Stine 2463 was 82% and 98% 
for Hughes 441R. 
Experiment 4. Interaction between GSD, M. phaseolina infection, and C. truncatum 
infection. The infection rate for M. phaseolina was 8% and 28% for Stine 2463 and Hughes 441R, 
respectively. Similarly, the infection rate for C. truncatum was 15% and 25% for Stine 2467 and 
Hughes 441R respectively (Table 2.4). There was a significant difference in GSD incidence 
between soybean genotypes (P = 0.03, Table 2.5). Stine 2463 had a higher GSD incidence than 
Hughes 441R. M. phaseolina or C. truncatum inoculation was not significantly associated with the 
incidence of GSD (P > 0.05). 
Experiment 5. Interaction between GSD, M. phaseolina infection, and soil moisture. 
Soil moisture was independent from GSD incidence (P > 0.05) as GSD incidence was high for 
both dry and wet treatments (Table 2.5). The M. phaseolina infection rate was 45% on Stine 2463 
(Table 2.5), and 60% on Hughes 441R (Table 2.6) in the first trial of this experiment. In the second 
trial, the M. phaseolina infection on Hughes 441R was 90% with the dry soil treatment and 70% 
with the moist soil treatment. Chi square analysis indicated that the association between low GSD 
incidence and M. phaseolina infection for Hughes 441R was significant (P < 0.01) with both the 
dry and moist treatments. 
DISCUSSION 
Three potential factors associated with GSD were investigated in this study. GSD 
incidence was high (about 80-100%) in all mock-inoculated treatments in all five experiments. 
This is not unusual as plants grown in pathogen-free soil medium and in disease-free 
environments often have GSD. In contrast, the normal situation in the field is for plants not to 
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have GSD (Hill et al., 2006). Environmental stress, such as drought and high temperature, and 
biotic stress, pathogen infection, virus infection, or insect feeding, occur but are often 
unpredictable in the field production environment, making an investigation into the effects of 
multiple factors on GSD difficult. This research was the first to investigate the interaction 
between soybean genotype, pathogen infection, and soil moisture on incidence of GSD in 
semi-controlled greenhouse conditions. 
Infection by the stem pathogens, C. truncatum or M. phaseolina, was associated with the 
incidence of GSD when infection rates were high, which is consistent with the hypothesis that 
stem pathogens are associated with GSD incidence. However, the association between GSD and 
pathogen infection was not observed in some of the experiments (experiments 2 and 4) or in one 
of the repeats for the same experiment (repeat 1 of experiment 5). This may be because of the 
low infection rate of the pathogens in these experiments. Future efforts should emphasize 
obtaining a high rate of infection to maximize the association of pathogen infection to GSD. 
Different inoculation methods should be used. For example, soybean plants can be inoculated by 
a suspension of M. phaseolina conidia (Ma et al., 2010), which can be precisely quantified and 
standardized, rather than using infested millet grain, thus reducing variability in infection among 
experimental units. 
Results of this research showed that there were differences in GSD sensitivity between 
soybean genotypes, thus agreeing with an earlier study that indicated that Stine 2463 was more 
sensitive to GSD than Hughes 441 (Hill, et al., 2006). In addition, my results indicated that 
Hughes 441 consistently had a higher M. phaseolina incidence and lower C. truncatum incidence 
compared to Stine 2463. Resistance to those diseases in those genotypes had not been reported 
before. This result suggested that sensitivity to GSD was related to different degrees of resistance 
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or susceptibility to anthracnose and charcoal rot among soybean genotypes. Anecdotal evidence 
that GSD incidence was increasing in soybean production (Hill, et al., 2006) could be a 
consequence of inadvertent selection for plants with reduced susceptibility to diseases in 
breeding nurseries when soybean breeders select for higher yields and superior plant appearance. 
In this study, I found that there was no clear association between GSD incidence and soil 
moisture. Soil moisture was found to be independent from the incidence of GSD, and the dry 
treatment did not cause significantly higher GSD incidence. The result did not support the 
hypothesis of previous research (Grau, 2003; Staton and Thelen, 2011). The level of drought in 
2007 Michigan may have been higher than that created in this study, which may explain the 
different results in the two studies. Further research should be conducted to test the effect of 
higher level of drought, drought at different soybean growth stages on GSD incidence, and the 
interaction between different levels of soil moisture and GSD incidence.
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Table 2.1. Chi square analysis of the association between green stem disorder (GSD) and Macrophomina phaseolina incidence under 
greenhouse conditions
a
 in experiment 2. 
Genotype
b
 Treatment 
M. phaseolina 
infection rate (%)
d
 
GSD Normal 
Total number 
of plants 
χ2 P 
Hughes 
441R 
M. phaseolina 22 38 12 50 0.0548 0.814 
Expected
c
  (38) (12)    
Mock  38 12 50   
Expected
c
   (38) (12)    
Total    100   
Stine 2463 
M. phaseolina
 
24 35 15 50 3.788 0.0516 
Expected
c
  (39) (11)    
Mock  43 7 50   
Expected
c
  (39) (11)    
Total    100   
a
 Greenhouse conditions were 24 
o
C with 16 h photoperiod using supplemental light provided by 1000 watt high pressure, sodium 
vapor lights (156 E s-1 m-2). Plants were watered daily. 
b
 Hughes 441R is the GSD insensitive genotype, and Stine 2463 is the sensitive genotype. 
c
 The null hypothesis for the Chi square tests was that if GSD is independent with M. phaseolina inoculation, the expected proportion 
of M. phaseolina inoculated plants with GSD is the proportion of M. phaseolina inoculated plants times proportion of plants with 
GSD.  
d
 Microsclerotia embedded in the stems is a sign of M. phaseolina infection. M. phaseolina incidence = number of plants infected with 
M. phaseolina divided by number of total plants x 100%. 
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Table 2.2. Chi square analysis of the association between green stem disorder and Colletotrichum truncatum incidence under growth 
chamber conditions
a
 in experiment 3. 
Genotype
b
 Treatment 
C. truncatum 
infection rate (%)
d
 
GSD Normal 
Total number 
of plants 
χ2 P 
Hughes 
441R 
C. truncatum 98 2 48 50 50.04 <0.0001 
Expected
c
  (20) (30)    
Mock  38 12 50   
Expected
c
  (20) (30)    
Total    100   
Stine 2463 
C. truncatum
 
82 12 38 50 41.56 <0.0001 
Expected
c
  (28) (22)    
Mock  44 6 50   
Expected
c
   (28) (22)    
Total    100   
a
 Growth chamber conditions were 24 
o
C with 12 h photoperiod using supplemental light provided by four 54 W Hg florescent cool 
white lamps. Plants were watered daily. 
b
 Hughes 441R is the GSD insensitive genotype, and Stine 2463 is the sensitive genotype. 
c
 The null hypothesis for the Chi square tests was that if GSD is independent with C. truncatum inoculation, the expected proportion 
of C. truncatum inoculated plants with GSD is the proportion of C. truncatum inoculated plants times proportion of plants with GSD. 
d
 Irregular brown areas on stems were examined under a dissecting microscope for fruiting structure of C. truncatum identification. C. 
truncatum incidence = number of plants infected with C. truncatum divided by number of total plants x 100%. 
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Table 2.3. Effects of Macrophomina phaseolina infection, Colletotrichum truncatum infection, 
and combined infection of M. phaseolina and C. truncatum on the incidence of green stem 
disorder under greenhouse conditions
a
 in experiment 4. 
Source DF Sum of square F ratio Pro>F
b
 
Block 3 0.0825 0.84 0.4872 
Genotype 1 0.18 5.4982 0.0289* 
Inoculation 3 0.025 0.2545 0.8572 
Genotype*Inoculation 3 0.025 0.2545 0.8572 
Error 21 0.6875 
  C. Total 31 1 
  
a 
Greenhouse conditions were 25 
o
C with 12 h photoperiod using supplemental light provided by 
1000 watt high pressure, sodium vapor lights (156 E s-1 m-2). A black curtained-tent was set up 
on the bench manually to cover the plants after 12 h photoperiod. Plants were watered daily. 
b
 *Significant when P<0.05 
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Table 2.4. Green stem disorder (GSD), Macrophomina phaseolina, and Colletotrichum 
truncatum incidences in experiment 4. 
Genotype
a
 
Inoculation 
treatment
b 
GSD incidence 
(%) 
MP infection rate
c 
(%) 
CT infection rate
d 
(%) 
Hughes 441R MP 62.5 27.5 0 
Hughes 441R CT 72.5 0 25 
Hughes 441R MP&CT 82.5 12.5 17.5 
Hughes 441R Mock 72.5 5 0 
Stine 2463 MP 92.5 7.5 0 
Stine 2463 CT 97.5 0 15 
Stine 2463 MP&CT 82.5 2.5 5 
Stine 2463 Mock 90 7.5 2.5 
a 
Hughes 441R is the green stem disorder insensitive genotype, and Stine 2463 is the sensitive 
genotype. 
b
 MP: M. phaseolina inoculated treatment; CT: C. truncatum inoculated treatment;
 
MP&CT: M. 
phaseolina and C. truncatum inoculated treatment; 
c
 Microsclerotia embedded in the stems is a sign of M. phaseolina infection. M. phaseolina 
infection rate=Number of total plants divided by number of plants infected with M. phaseolina. 
d
 Irregular brown areas on stems were examined under a dissecting microscope for fruiting 
structure of C. truncatum identification. C. truncatum incidence = number of total plants divided 
by number of plants infected with C. truncatum. 
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Table 2.5. Chi square analysis of the association between green stem disorder (GSD) incidence 
with Macrophomina phaseolina infection and soil moisture
a
 in experiment 5. 
Gentoypeb Test Treatmentc 
M. phaseolina 
infection rate (%)e 
Total 
plants 
GSD 
Observed 
GSD 
Expectedd 
χ2 P 
Hughes 
441R 
Test 1 
Dry 
MP 65 12 6 8 3.19 
 
0.074 
Mock 0 12 10 8 
Moist 
MP 55 12 7 9 3.78 
 
0.052 
Mock 0 12 11 9 
MP 
Dry 65 12 6 6.5 0.34 
 
0.562 
Moist 55 12 7 6.5 
Mock 
Dry 0 12 12 11.5 2.09 
 
0.148 
Moist 0 12 11 11.5 
Test 2 
Dry 
MP 90 20 1 9 25.96 
 
<0.0001 
Mock 0 20 17 9 
Moist 
MP 70 20 5 12.5 24.11 
 
<0.0001 
Mock 0 20 20 12.5 
MP 
Dry 90 20 1 3 3.33 
 
0.067 
Moist 70 20 5 3 
Mock 
Dry 0 20 17 18.5 3.60 
 
0.577 
Moist 0 20 20 18.5 
Stine 2463 
Test 1 
Dry 
MP 55 12 9 9 0.22 
 
0.637 
Mock 0 12 9 9 
Moist 
 
MP 35 12 12 10.5 0.54 
 
0.460 
Mock 0 12 9 10.5 
MP 
Dry 55 12 9 10.5 3.81 
 
0.051 
Moist 35 12 12 10.5 
Mock 
Dry 0 12 9 9 0.22 
 
0.637 
Moist 0 12 9 9 
Test 2 
Dry 
MP 35 20 17 18.5 3.6 
 
0.57 
Mock 0 20 20 18.5 
Moist 
MP 0 20 19 18 1.38 
 
0.238 
Mock 0 20 17 18 
MP 
Dry 35 20 17 18 1.38 
 
0.238 
Moist 0 20 19 18 
Mock 
Dry 0 20 20 18.5 3.6 
 
0.057 
Moist 0 20 17 18.5 
a Soil moisture was controlled by the CR 1000 measurement and control system which senses and waters the plants 
automatically, so the soil moisture was kept at expected levels continuously. 
b Hughes 441R: GSD insensitive genotype; Stine 2463; GSD sensitive genotype;. 
c MP: M. phaseolina inoculated treatment; Dry treatment: 0.28VWC in test 1, 0.25 VWC in test 2; Moist treatment: 
0.55VWC in test 1, 0.52VWC in test 2; 
d The null hypothesis for the Chi square tests was that if GSD is independent with the tested factor, the expected 
proportion of factor treated plants with GSD is the proportion of the factor treated plants times proportion of plants 
with GSD. 
e Microsclerotia embedded in the stems is a sign of M. phaseolina infection. M. phaseolina incidence = number of 
plants infected with M. phaseolina divided by number of total plants x 100%. 
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Fig 2.1. Regression of green stem disorder (GSD) incidence on Macrophomina phaseolina 
inoculation levels for two soybean genotypes in the two tests of experiment 1. Soybean plants 
were inoculated with four levels of M. phaseolina infested millets: 0 ml, 100ml, 200 ml, and 300 
ml, and each treatment had five replications in the first test. Soybean plants were inoculated with 
five levels of M. phaseolina infested millets: 0 ml, 100ml, 200 ml, 300 ml and 400 ml, and each 
treatment had five replications in the second test. 
 
 
y=GSD incidence, and x=M. phaseolina inoculation level 
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Appendix A. Field trial information including soil type, experiment unit size, planting date of cover crops and soybean, and soybean 
cultivars during 2010-2012 information in six experiment locations. 
Location
a
 Soil type
b
 Plot size (m) 
Cover crop 
Planting date 
Tillage date Soybean cultivar Soybean planting date 
UIUC 
Drummer 
Flanagan 
2010-2011: 
6.1×12.2 
2011-2012: 
3×6.1 
Sep 20, 2010        
Oct 3, 2011         
Sep 15, 2012 
Jun, 2011 
Jun, 2012 
HS 31A02 (FS seeds) 
Jun 8, 2011         
Jun, 2012 
Ayres 
farm 
Drummer 
Flanagan 
18.3×304.8 
Sep,2010          
Oct, 2011          
Sep, 2012 
No tillage HS 31A02 (FS seeds) 
Jun, 2011          
Jun, 2012 
WIU Sable 3×402.3 
Sep, 2010          
Sep, 2011          
Sep, 2012 
Jun 7, 2011 
Jun, 2012 
Blue River 34A07 
Jun 8, 2011         
Jun, 2012 
Hunt  
farm 
Stable 18.3×304.8 
Sep 8, 2010        
Sep, 2011          
Sep, 2012 
No tillage Blue River 34A07 
May 19, 2011       
Jun, 2012 
a
 UIUC represents the field trial at University of Illinois at Urbana-Champaign; WIU represents the field trial at Western Illinois 
University; 
b 
Field location of on station trial in UIUC changed in 2011 fall, and experiment unit size changed from 6.1×12.2 meters
2
 into 3×6.1 
meters
2
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Appendix B. Soil collection information for the six field trials in the first growing season (2010-2011) and the second growing season 
(2011-2012). 
Location Field trials
a
 Sample date Experiment unit number
b
 
Soil amount/ bag 
(liter)
c
 
E
as
t-
ce
n
tr
al
 I
L
 
UIUC 
Oct 21, 2010  
Jun 13, 2011  
Oct 26, 2011 
20 (5 trt *4 rep) 4 
Ayres farm 
Nov 13, 
2010Jun 30, 
2011  Nov 2, 
2011 
12(3trt * 4rep)               
8 (2trt * 4rep)           
4 
W
es
te
rn
 I
L
 
WIU 
Nov 5, 2010   
Jun 14, 2011 
18 (6 trt * 3 rep)             
15 (5trt* 3 reps) 
4 
Hunt farm 
Nov, 2010      
Jun 13, 2011 
12 (3 trt * 4 rep) 4 
a
 UIUC: University of Illinois at Urbana-Champaign; WIU: Western Illinois University . 
b
 The no-till try treatment was deleted from each of the three blocks in 2012 on WIU field trial, and the rape treatment was deleted 
from each of the four blocks in 2012 on Ayres field trial. 
C
 Soil was collected from each location by removing 15 to 20 individual soil cores’ soil from each experiment unit  using a soil core at 
the depth of about 6 inch, with a random zigzag pattern. 
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Appendix C. Six pathogens quantified by QPCR and primers and probes used in QPCR for each pathogen. 
Suitea Pathogensb Diseasec Primer and probed Sequence 
1 
Colletotrichum 
truncatum 
Anthracnose 
ColSoy1 forward primer 5’-GCGTCTTTCAACCCTCAAG-3’ 
ColSoy1 reverse primer 5’-GTTACTACGCAAAGGAGGCT-3’ 
Colsoy1-Probe 5’-HEX-AAAGGTAGTGGCGGACCCTC-IBFQ-3’ 
Macrophomina 
phaseolina 
Charcoal rot 
Macrp-F1 forward primer 5’-CGAAGCGAGATCCTCAGTCC-3’ 
Macrp-R1 reverse primer 5’-CGGTGTACTCTTCTGCGGC-3’ 
Macrp-P1 Probe 5’-TEX615-AAAGGTAGTGGCGGACCCTC-IBFQ-3’ 
Phialophora 
gregata 
Brown stem rot 
BSRqPCRf1 forward primer 5’-CAAACCAGGGCCGATCAG-3’ 
BSRqPCRr1 reverse primer 5’-CGGATTCAGCGTAAAAAATGG-3’ 
BSRqPCRpb1probe 5’-6FAM-CTCCCGTATGGTTTCT-MGBNFQ-3’ 
2 
Fusarium 
virguliforme 
SDS 
Fv-li-F Forward primer 5’ –GGCTGAACTGGCAACTTGGA-3’ 
Fv-li-R reverse primer 5’-CAAAGCTTCATTCAATCCTAATACAATC-3’ 
Fv-Li-Pb Probe 5’-VIC-TCTTCTAGGATGGGCTGGT/MGBNFQ/-3’ 
Heterodera 
glycines 
SCN 
HgCM1TM forward primer 5’-CCAAGGACGTGGTCAATTACA-3’ 
HgCM1TM reverse primer 5’-CCCTGCGCCGAAACACT-3’ 
Hg-cm1a-Fam probe 5’-6FAM-TTCATAACAACATCTCAATCG-MGBNFQ-3’ 
Hg-cm1b-Fam probe 5’-6FAM-TTCATCAAAACATCTCAATCG-MGBNFQ-3’ 
 
Phytophthora 
sojae 
Phytophthora 
stem rot 
PS12F forward primer 5’-CAGGTTTCAGCGATCTCCATCCAAGTG-3’ 
PS6R reverse primer 5’-CACATTGCGGAAAAGGAGGTGATTGCT-3’ 
PSO-P5 probe 5’-TEX615-TGCCGACGTCGAGGTCAGCAACCATTCAA-IBRQ-3’ 
a
 Suite 1 is a multiplex QPCR reaction which quantifies three pathogens (Colletotrichum truncatum, Macrophomina phaseolina, Phialophora gregata) 
together. Suite 2 quantifies two pathogens (Fusarium virguliforme, Heterodera glycines) in one QPCR reaction. Phytophthora sojae was quantified alone. 
b the primers for detecting C. truncatum are universal for C. sp. 
c 
SDS: suden death syndrome; SCN: soybean cyst nematode. 
dThe primers and probe for F. virguliforme amplification were designed for analysis of small-subunit mitochondrial rRNA genes of F. solani f. sp. glycines 
isolates. The P. sojae primers and probe for this fluorogenic, 5’-exonuclease assay target the DNA sequences of a gypsy-like transposable retroelement.Primers 
and probes for the other four pathogens were designed based on the ITS region.  
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Appendix D. Macrophomina phaseolina inoculation method: a layer of M. phaseolina infested 
millet grain was placed in the pots. Diagram shows where the soil, inoculum, and seeds were 
placed in the pots. The planting and inoculation methods were used in Experiments 1, 2, 4 and 5. 
This method was also used for Collectotrichum truncatum inoculation with infested millet grain 
in Experiment 4. 
 
1L soil 
250 ml clean soil 
Seeds 
Infested millet layer 
250 ml cover soil 
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Appendix E. Diagrammatic representation of the CR 1000 measurement and control system to 
measure and control the soil moisture. Diagram shows the procedure of the system taking soil 
moisture measurements and keeping soil moisture at the programmed levels. 
 
 
 
 
 
 
 
 
1) Datalogger sends electrical signal to the multiplexer requesting the sensor to test moisture 
condition in the soil 
2) The multiplexer sends the soil moisture data tested by the sensor back to the datalogger 
3) The datalogger compares the soil moisture data from the sensor with the setpoint, and request 
the relay to turn the solenoids on when the soil moisture is lower than the setpoint.  
 
 
1 3 
32 sensors CR 1000 
datalogger 
Multiplexer CR 1000 
datalogger 
Infested millet 
layer 
1) 
2) 
3) 
